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Departament de F́ısica Atòmica, Molecular i Nuclear
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Chapter 1

Standard Model Theory and

the Higgs Boson

1.1 Introduction

The Standard Model (SM) constitutes one of the most successful achievements

in modern physics. It provides a theoretical framework which is able to describe

the known experimental facts in particle physics with high precision. All particles

described in the SM have been observed and, up to now, no significant deviations

from the theory have been found. The SM predicts a new scalar particle known as

the Higgs boson. The Higgs boson breaks electroweak symmetry and provides mass

to the fundamental particles. This is a key building block in the SM and the topic

of this thesis. Before the Large Hadron Collider (LHC) started to collect data from

proton-proton collisions, the Higgs boson was the only elementary particle in the

SM that had not been observed.

The aim of this chapter is to describe the formulation of the SM and present

the role of the Higgs boson. Section 1.2 presents an overview of the elementary

particles. This is followed by the description of the quantum electrodynamics and

quantum chromodynamics theories in Section 1.2.2 and 1.2.3, respectively. The uni-

fication of the electroweak is given in Section 1.2.4. In Section 1.3.1, the electroweak

symmetry breaking mechanism and the Higgs boson in the SM are discussed. Then,

the phenomenology of proton-proton collisions is described in Section 1.5. Finally,

different production modes and the main decay channels of the Higgs boson in

proton-proton collisions are presented in Section 1.6 and 1.7, respectively.

1



2 Chapter 1. Standard Model Theory and the Higgs boson

1.2 The Standard Model

The SM unifies three of the four fundamental forces of the Universe: strong, weak

and electromagnetic interactions. Apart from gravity, the SM of particle physics is

able to describe nature in terms of fundamental constituents and their interactions.

1.2.1 Elementary Particles in the SM

The SM involves two kinds of particles, those carrying charge and those which

mediate interactions by coupling directly to charge. The physical nature of charge

depends on the specific theory. Three such kind of charges appear in the SM, the

so-called colour, weak isospin and weak hypercharge.

In the SM the mediators of the fundamental interactions are the spin-1 gauge

bosons: one massless photon (γ), eight massless gluons (g) and three massive bosons

(W± and Z). The photons mediate the electromagnetic interactions between elec-

trically charged particles. The photon is a massless particle and it is described by

the theory of Quantum Electrodynamics (QED). The W± and Z bosons are the

elementary particles that mediate the weak interactions between fermions (quarks

and leptons).

These are massive and while the Z particle is electrically neutral, the W±

bosons carry an electric charge of ±1 times the electron charge respectively. These

three gauge bosons along with the photon are grouped together in the electroweak

(EW) interaction. Finally, the gluons are massless particles that mediate the strong

interactions between particles with colour charge, as the quarks. Because the glu-

ons have colour charge, they can also interact among themselves. The gluons and

their interactions are described by the Quantum Chromodynamics (QCD) theory.

Table 1.1 summarises the three fundamental forces unified by the SM and their

associated gauge bosons.

Table 1.1: Fundamental forces and their associated gauge bosons. J denotes
the spin and P the parity of the particles [1].

Interaction Name Symbol Charge [e] JP Mass [GeV]

Electromagnetic Photon γ 0 1− 0

Weak
W bosons W± ±1 1 80.385 ± 0.015

Z boson Z 0 1 91.1876 ± 0.0021

Strong Gluon g 0 1− 0
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The fermionic matter content in the SM is given by 12 elementary particles:

the known leptons and quarks. There are six quarks: up (u), down (d), charm (c),

strange (s), top (t), and bottom (b), and six leptons: electron (e), muon (µ), tau (τ),

and their corresponding neutrino partners: electron neutrino (νe), muon neutrino

(νµ) and tau neutrino (ντ ). The three neutrinos are neutral in terms of electric

charge and they are assumed to be massless in the SM 1.

All fermions are particles of spin 1
2 and each of them has its corresponding

anti-particle with opposite quantum numbers. According to the spin-statistics the-

orem [4], fermions respect the Pauli exclusion principle. The difference between lep-

tons and quarks relies on the coupling to the strong interaction. The physical nature

of the leptons shows that they are colourless and they do not interact via the strong

force. Oppositely, quarks carry colour and they do interact via strong processes. The

quarks are grouped together forming the known hadrons: baryons with half-integer

spin (three quarks), and mesons with integer spin (quark and anti-quark). This phe-

nomenon is called colour confinement. Quarks also carry electric charge and weak

isospin, hence they interact with another fermions both electromagnetically and via

the weak interaction. Table 1.2 lists the three fermion generations.

Table 1.2: Fermion generations overview from Ref. [1]. Masses and electric
charges in units of the electron charge are quoted. J denotes the spin and P the

parity of the particles.

Fermion I generation II generation III generation Charge [e] JP

Quarks

u c t
+2/3 1/2+

2.3+0.7
−0.5 MeV 1.275± 0.025 GeV 173.5± 0.6± 0.8 GeV

d s b
−1/3 1/2+

4.8+0.7
−0.3 MeV 95± 5 MeV 4.18± 0.03 GeV

Leptons

e− µ− τ−

−1 1/2+

0.511± (0.11× 10−7) MeV 106± (35× 10−7) MeV 1776.82± 0.16 MeV

νe νµ ντ
0 1/2+

< 2.05 eV (95% CL) < 0.19 eV (90% CL) < 18.2 eV (95% CL)

Lastly, the SM theory predicts a new particle that completes the fundamental

particle spectrum: the Higgs boson. It appears trough the spontaneous electroweak

symmetry breaking mechanism, which is a necessary ingredient in the SM for en-

suring gauge invariance. It arises from the need to provide mass to the electroweak

mediators, i.e., the W± and Z bosons, as will be discussed in the following sections.

1Note that several experiments with solar, atmospheric, reactor and accelerator neutrinos have
provided compelling evidence for oscillations of neutrinos caused by nonzero neutrino masses [2, 3].
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The theory constrains some aspects of the Higgs particle: it is a massive boson

(although its mass is not predicted), with no spin, electric charge, or colour charge.

In this sense, the position of the Higgs boson in the zoo of the fundamental particles

in the SM is unique, as is its role. Figure 1.1 collects the fundamental particles in

the SM.

Figure 1.1: The SM of elementary particles with the three generations of
fermions in the left-hand columns, gauge bosons in the fourth column and the

Higgs boson on the right column.

1.2.2 Quantum Electrodynamics

Historically, the first of the gauge field theories was electrodynamics. Its modern

version, Quantum Electrodynamics (QED), is the most thoroughly verified physical

theory yet constructed. QED represents the best introduction to the SM, which

both incorporates and extends it.

Let us consider the Lagrangian describing a free Dirac fermion with mass m

and electric charge Qe,

L0 = iψ(x)γµ∂µψ(x)−mψ(x)ψ(x) , (1.1)

where ψ(x) is the fermion field and ψ(x) ≡ ψ†γ0 is its adjoint. Note that natural

units (} = c = 1) has been used in Eq. 1.1 and they will be assumed in the rest of

the chapter. L0 is invariant under global U(1) transformations,

ψ(x)
U(1)−−−→ ψ′(x) ≡ eiQθψ(x) , (1.2)
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where Qθ is an arbitrary real constant hence,

ψ(x)→ e−iθψ(x) and ∂µψ(x)→ eiQθ∂µψ(x) . (1.3)

The phase of ψ(x) is then a pure convention-dependent quantity without any physical

meaning. However, the free Lagrangian is no longer invariant if one allows the phase

transformation to depend on the space-time coordinate, i.e., under local phase re-

definitions θ = θ(x).

Explicitly, the local gauge transformation is,

ψ(x)
U(1)−−−→ ψ′(x) ≡ eiQθ(x)ψ(x) , (1.4)

which clearly makes the Lagrangian non invariant due to the extra term from the

derivative of θ(x),

∂µψ(x)
U(1)−−−→ eiQθ(x)(∂µ + iQ∂µθ(x))ψ(x) . (1.5)

Thus, if a given phase convention has been adopted at a reference point, the same

convention should be taken at all space-time points. This does not look reasonable.

As an illustration, let us consider a mechanism which annihilates electric charge at

one point in space and simultaneously create an equal amount of charge at another

spatial point. The charge is conserved globally in this case, but it would be in conflict

with special relativity. Electric charge has to be conserved locally. This property

of local conservation is at the heart of the local gauge symmetries exhibited by the

fundamental interactions.

The gauge principle is the requirement that the U(1) phase invariance should

hold locally. This is only possible if one adds an extra piece to the Lagrangian

in Eq. 1.1, transforming in such a way as to cancel the offending term in Eq. 1.5.

The needed modification is completely fixed by the transformation, hence one can

introduce a new field Aµ which transforms as,

Aµ(x)
U(1)−−−→ A′µ(x) ≡ Aµ(x)− 1

e
∂µθ . (1.6)

Defining the covariant derivative as,

Dµψ(x) ≡ [∂µ + ieQAµ(x)]ψ(x) , (1.7)
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which has the required property of transforming like the field itself,

Dµψ(x)
U(1)−−−→ D′µψ(x) ≡ eiQθDµψ(x) . (1.8)

The newly obtained Lagrangian,

L ≡ iψ(x)γµDµψ(x)−mψ(x)ψ(x) = L0 − eQAµ(x)ψ(x)γµψ(x) , (1.9)

is now invariant under local U(1) transformations. The price we had to pay was

the introduction of the new vector field Aµ that couples to ψ through the last

term in Eq. 1.9. Actually, it is just the familiar vertex of QED which contains the

electromagnetic interaction between charged particles and its mediator, the photon.

If one wants Aµ to be a true propagating field, one needs to add a gauge-

invariant kinetic term,

Lkin = −1

4
Fµν(x)Fµν(x) +

1

2
m2
AA

µAµ , (1.10)

where Fµν ≡ ∂µAν − ∂νAµ is the usual electromagnetic field strength which is

invariant under the local gauge transformation given in Eq. 1.5. However, the term

AµAµ is not. In light of this, the gauge field must be massless: mA = 0 and

experimentally we have measured that mγ < 1× 10−18 eV [1].

The final QED Lagrangian can be written as,

LQED = iψ(x)γµ∂µψ(x)−mψ(x)ψ(x)− 1

4
FµνF

νµ − eQAµ(x)ψ(x)γµψ(x) , (1.11)

which gives rise to the Maxwell equations and specifies the current produced by

Dirac particles (Jµ),

∂µF
µν = Jν ≡ eQψγµψ . (1.12)

Thus, the requirement of local gauge invariance, applied to the free Dirac

Lagrangian, generates all electrodynamics, so it leads to a very successful quantum

field theory.

1.2.3 Quantum Chromodynamics

The large number of known mesonic and barionic states clearly signals the existence

of a deeper level of elementary constituents of matter: quarks. Assuming that

mesons are M ≡ qq, while baryons have three quark constituents: B ≡ qqq; one
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can classify the entire hadronic spectrum. However, in order to satisfy the Fermi-

Dirac statistics one needs to assume the existence of a new quantum number, colour,

such that each species of quark may have NC = 3 different colours: qα, α = 1, 2, 3

(red, green and blue). In order to avoid the existence of non-observed extra states

with non-zero colour, one needs to further postulate that all asymptotic states are

colourless, i.e., singlets under rotations in colour space. This assumption is known as

the confinement hypothesis, because it implies the non-observability of free quarks:

since quarks carry colour they are confined within colour-singlets bound states.

Let us denote qαf a quark field of colour α and flavour f . To simplify the

equations, let us adopt a vector notation in colour space: qTf ≡ (q1
f , q

2
f , q

3
f ). The

free Lagrangian,

L0 =
∑
f

qf (iγµ∂µ −mf ) qf (1.13)

is invariant under arbitrary global SU(3)C transformations in colour space,

qαf → (qαf )′ = Uαβ q
β
f , UU† = U†U = 1 , detU = 1 . (1.14)

The SU(3)C matrices can be written in the form,

U = ei
λa

2 θa , (1.15)

where λa

2 (a = 1, 2, ..., 8) denote the generators of the fundamental representation of

the SU(3)C algebra, and θa are arbitrary parameters. The matrices λa are traceless

and satisfy the commutation relations,[
λa

2
,
λb

2

]
= i fabc

λc

2
, (1.16)

with fabc the SU(3)C structure constants, which are real and totally antisymmetric.

As in the QED case, we can now require the Lagrangian to be also invariant under

local SU(3)C transformations, θa = θa(x). To satisfy this requirement, we need

to change the quark derivatives by covariant objects. Since we have now eight

independent gauge parameters, eight different gauge bosons Gµa(x), the so-called

gluons, are needed,

Dµqf ≡
[
∂µ + igs

λa

2
Gµa(x)

]
qf ≡

[
∂µ + igsG

µ(x)
]
qf . (1.17)
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Note that we have introduced the compact matrix notation,

[
Gµ(x)

]
αβ
≡
(
λa

2

)
αβ

Gµa(x) . (1.18)

We want Dµqf to transform in exactly the same way as the colour-vector qf . This

fixes the transformation properties of the gauge fields,

Dµ → (Dµ)′ = UDµU† , Gµ → (Gµ)′ = UGµU† +
i

gs
(∂µU)U† . (1.19)

Under an infinitesimal SU(3)C transformation,

qαf →
(
qαf

)′
= qαf + i

(
λa

2

)
αβ

δθa q
β
f ,

Gµa → (Gµa)
′

= Gµa −
1

gs
∂µ (δθa)− fabc δθbGµc .

(1.20)

The gauge transformation of the gluon field is more complicated than the one ob-

tained in QED for the photon. The non-commutativity of the SU(3)C matrices gives

rise to an additional term involving the gluon fields themselves. For constant δθa,

the transformation rule for the gauge fields is expressed in terms of the structure

constants fabc. Thus, the gluon fields belong to the adjoint representation of the

colour group. Note also that there is a unique SU(3)C coupling gs. In QED it was

possible to assign arbitrary electromagnetic charges to the different fermions. Since

the commutation relation given in Eq. 1.16 is non-linear, this freedom does not exist

for SU(3)C.

To build a gauge-invariant kinetic term for the gluon fields, we introduce the

corresponding field strengths,

Gµν(x) ≡ − i

gs
[Dµ, Dν ] = ∂µGν − ∂νGµ + igs [Gµ, Gν ] ≡ λa

2
Gµνa (x) ,

Gµνa (x) = ∂µGνa − ∂νGµa − gs fabcG
µ
b G

ν
c .

(1.21)

Taking the proper normalisation for the gluon kinetic term, we finally have

the SU(3)C invariant Lagrangian of QCD,

LQCD = −1

4
Gµνa Gaµν +

∑
f

qf
(
iγµDµ −mf

)
qf . (1.22)
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It is worthwhile to decompose the Lagrangian into its different pieces,

LQCD =− 1

4
(∂µGνa − ∂νGµa)

(
∂µG

a
ν − ∂νGaµ

)
+
∑
f

qαf
(
iγµDµ −mf

)
qαf

− gsGµa
∑
f

qαf γµ

(
λa

2

)
αβ

qβf

+
gs
2
fabc (∂µGνa − ∂νGµa) GbµG

c
ν −

g2
s

4
fabc fadeG

µ
b G

ν
c G

d
µG

e
ν .

(1.23)

The first line in Eq. 1.23 contains the correct kinetic term for the different fields,

which gives rise to the corresponding propagators. The colour interaction between

quarks and gluons is given by the second line. It involves the SU(3)C matrices λa.

Finally, the Gµνa Gaµν term generates the cubic and quartic gluon self-interactions

shown in the last line. The strength of these interactions is given by the same

coupling gs which appears in the fermionic piece of the Lagrangian.

In spite of the rich physics contained in it, the Lagrangian in Eq. 1.23 looks

very simple because of its colour symmetry properties. All interactions are given in

terms of a single universal coupling gs, which is called the strong coupling constant.

The existence of self-interactions among the gauge fields is a new feature that was not

present in QED. Hence, it seems then reasonable to expect that these gauge self-

interactions could explain properties like asymptotic freedom (strong interactions

become weaker at short distances) and confinement (the strong forces increase at

large distances), which do not appear in QED.

1.2.4 Electroweak Unification

The electroweak (EW) theory unifies the weak and electromagnetic interactions.

Historically, the basic structure was formulated by Sheldon Glashow (1961) [5]

and the complete form was developed by Steven Weinberg (1967) [6] and Abdus

Salam(1968) [7].

In the Glashow-Weinberg-Salam model left-handed leptons and quarks are

assigned to weak isospin doublets, i.e., they transform as doublets under SU(2)L,

where the L subindex denotes the left-handed property of the SU(2) symmetry

group. Massive leptons and quarks can exist in right-handed states and these are

assigned to weak isospin singlets. They are unaffected by SU(2)L transformations.

The EW theory assumes zero mass for the neutrinos which are therefore uniquely

assigned to left-handed doublets. In order to incorporate the electric charge and

bring about the unification of the weak and electromagnetic interactions a new



10 Chapter 1. Standard Model Theory and the Higgs boson

gauge symmetry, U(1)Y , was introduced. It is a U(1) symmetry similar to QED

based on the hypercharge Y .

An overview of all SM fermions and their electroweak quantum numbers:

charge Q, weak isospin T , its third component T3 and hypercharge Y , are given in

Tab. 1.3. Those are related through the analogue of the well-known Gell-Mann -

Nishijima relation,

Q = T3 +
Y

2
. (1.24)

The left-handed isospin doublets ψL and the right-handed isospin singlets ψR

transform under the action of the SU(2)L ⊗U(1)Y direct product group as follows,

ψL → ψ′L = eiα
a(x)Ta+iβ(x)Y ψL , a = 1, 2, 3

ψR → ψ′R = eiβ(x)Y ψR
(1.25)

where αa(x) and β(x) are local phases and Ta/2 and Y are the generators of the

SU(2)L and U(1)Y groups of gauge transformations, respectively. Since there are

now four gauge parameters, αa(x) and β(x), there are as well four different gauge

fields needed.

Table 1.3: Electroweak quantum numbers for the SM fermions. The charge is
denoted by Q and is given in units of the electron charge. The weak isospin is

represented by T , its third component by T3 and the hypercharge by Y [1].

Generation Quantum numbers

Fermions 1st 2nd 3rd T T3 Y Q[e]

Leptons

(
νe
e−

)
L

(
νµ
µ−

)
L

(
ντ
τ−

)
L

1/2
1/2

1/2
−1/2

−1
−1

0
−1

e−R µ−R τ−R 0 0 −2 −1

Quarks

(
u
d′

)
L

(
c
s′

)
L

(
t
b′

)
L

1/2
1/2

1/2
−1/2

1/3
1/3

2/3
−1/3

uR cR tR 0 0 4/3 2/3

dR sR bR 0 0 −2/3 1/3

We can write the free Lagrangian for the left-handed fermion doublet and a

right-handed singlet as,

L = iψLγ
µ∂µψL + iψRγ

µ∂µψR . (1.26)

The Lagrangian in Eq. 1.26 can be made invariant by introducing the covariant

derivative,

Dµ = ∂µ + i
g

2
W a
µTa + i

g′

2
BµY , (1.27)
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where W a
µ (a = 1, 2, 3) and Bµ denote the gauge fields related to the 3 + 1 degrees

of freedom from the SU(2)L ⊗ U(1)Y symmetry group. The coupling constants g

and g′ determine the strength of the coupling to the SU(2)L and U(1)Y gauge fields,

respectively. The corresponding field strength tensors of the gauge fields are given

by,

Wµν
a = ∂µW

a
ν − ∂νW a

µ − gεabcW b
µW

c
ν

Bµν = ∂µBν − ∂νBµ ,
(1.28)

where εabc denotes the totally antisymmetric tensor.

Finally, we introduce the kinetic terms for he gauge fields, − 1
4W

a
µνW

µν
a and

− 1
4BµνB

µν , and we arrive at the gauge invariant EW Lagrangian,

LEW =
∑
j

iψ
j

Lγ
µDµψ

j
L +

∑
k

iψ
k

Rγ
µDµψ

k
R −

1

4
W a
µνW

µν
a −

1

4
BµνB

µν . (1.29)

where the sum in i and k runs over all doublets and singlets listed in Tab. 1.3. In

addition to the kinetic energy term, self-coupling of the Wµν fields also appear in

the theory. Note that mass terms such as 1
2m

2BµB
µ are not gauge invariant and

therefore can not be added to the Lagrangian.

The gauge fields Wµν
a and Bµ do not carry the experimentally observed quan-

tum numbers for the W± and Z bosons and the photon, hence they can not directly

be identified with these elementary particles. Instead, a linear combination of these

gauge fields leads to the physically observable states according to,

W±µ =
1√
2

(
W 1
µ ∓ iW 2

µ

)
,

Zµ = cos θWW
3
µ − sin θWBµ ,

Aµ = sin θWW
3
µ + cos θWBµ ,

(1.30)

where W±µ and Zµ denote the fields of the weak gauge bosons, Aµ the photon field

and θW the weak mixing angle. The combinations above allow to relate the electric

charge e and the electroweak couplings by,

e = g sin (θW ) = g′ cos (θW ) . (1.31)

The principle of local gauge invariance works beautifully for the QED and

QCD interactions. Moreover, it allows to unify the weak and electromagnetic in-

teractions while keeping the renormalisability of the theory [8, 9]. Nevertheless, its
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application in the EW theory was stymied by the fact that the gauge fields have

to be massless. Whereas the photon and the gluons are massless, the W± and Z

bosons as well as the leptons, are indeed massive objects [1]. Hence, it is necessary

to introduce a mechanism into the model to give mass to the gauge bosons. This

mechanism is known as the Brout-Englert-Higgs (BEH) mechanism.

1.3 The BEH Mechanism in the SM

The EW Lagrangian given in Eq. 1.29 does not fully describe the reality. As was

discussed in Section 1.2.4, gauge bosons have to be massless particles to keep the

invariance of the theory. While it is fine for the photon in QED, the physical W±

and Z bosons are quite heavy particles (∼ 100 GeV, see Tab. 1.1). In this section,

the concept of the spontaneous symmetry breaking (SSB) will be discussed as this

is the base of the BEH mechanism.

1.3.1 Spontaneous Symmetry Breaking

In order to generate masses, we need to break the gauge symmetry in some way.

However, we also need a fully symmetric Lagrangian to preserve renormalisability.

This dilemma is solved by getting non-symmetric results from an invariant La-

grangian. Imagine a invariant Lagrangian which has a degenerate set of states with

minimal energy. If one of those states is arbitrarily selected as the ground state of

the system, it is said that there is spontaneous symmetry breaking (SSB). This is

one of the most important concepts in quantum field theory (QFT). In a QFT, the

ground state is the vacuum, thus the SSB mechanism will appear when there is a

symmetric Lagrangian, but a non-symmetric vacuum.

To illustrate the SSB concept, let us consider the following Lagrangian,

L =
1

2
∂µφ∂

µφ− V (φ) , V (φ) =
1

2
µ2φ2 +

1

4
λφ4 . (1.32)

This Lagrangian has reflexion symmetry: it is invariant under the φ → −φ opera-

tion. In order to have a ground state, the potential should be bounded from below

as φ → ∞, i.e., the parameter λ has to be positive. Then, we can find the minimum

of the potential by setting,

∂V (φ)

∂φ
= φ

(
µ2 + λφ2

)
= 0 , (1.33)

which bring to the next two possibilities:
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• Case 1: µ2 ≥ 0. The potential has only the trivial minimum φ = 0. Then the

Lagrangian describes a spin-zero particle of mass µ and quartic coupling λ.

• Case 2: µ2 < 0. The minimum is obtained for those field configurations

satisfying,

φ = ±
√
−µ2

λ
≡ ±v 6= 0 (1.34)

Figure 1.2 shows the potential V (φ) for the two cases discussed above. As

it can be seen, the left plot has the minimum at φ = 0 (represented by the green

vertical line). However, in the second case (right plot), the φ = 0 point is not a

minimum. Instead, there are two minima at φ = ±v, which are, obviously, non-zero

values. Since the field φ takes on the value v in the ground state, v is called the

vacuum expectation value (VEV) of the field φ.

Figure 1.2: The potential V (φ) = 1
2
µ2φ2 + 1

2
λφ4 for (µ2 > 0 , λ > 0) and

(µ2 < 0 , λ > 0) on the left and right, respectively.

To determine the particle spectrum, we must study the theory in the region

of the minimum,

φ(x) = v + η(x) (1.35)

so we are expanding around η = 0. Substituting Eq. 1.35 into the Lagrangian L in

Eq. 1.32 we obtain,

L =
1

2

(
∂µη ∂

µη
)
−
(
λv2η2 + λvη3 +

1

4
λη4

)
+ constant . (1.36)

This Lagrangian represents the description of a particle of mass m2
η = 2λv2 = −2µ2,

and two interactions: a cubic one of strength λv and a quartic one of strength λ
4 .
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The two descriptions of the theory in terms of φ or η must be equivalent if the

problem is solved exactly. The scalar particle described by the theory with µ2 < 0

is a real scalar because at the minimum of the potential there is a non-zero VEV.

The obtained Lagrangian in Eq. 1.36 seems not to preserve the reflection

symmetry in the new field η because of the cubic term. Nevertheless, the original

symmetry is still there but not in an obvious way. All we did was to add a constant

shift to the field, so the physics described by both Lagrangians in Eq. 1.32 and in

Eq. 1.36, have to be the same. The only piece that does not preserve the symmetry

is the choice of a specific VEV value, i.e., the fact of selecting +v instead of −v in

Eq. 1.35. Since for each possible ground state there corresponds to an equivalent

physical theory, any one of them can serve as the ground state. However, the

selection of one vacuum state means that it is not longer invariant under the action of

the symmetry group. When it happens, it is said that the symmetry is spontaneously

broken, which is an unfortunate description since the symmetry is not really broken,

just expressed differently. The phenomenon described here is known as spontaneous

symmetry breaking.

1.3.2 The Goldstone Theorem

Now, let us consider a complex scalar field φ ≡ 1√
2

(φ1 + iφ2), described by the

Lagrangian,

L = ∂µφ
† ∂µφ− V (φ) , V (φ) = µ2φ†φ+ λ

(
φ† φ

)2

. (1.37)

L is invariant under global phase transformations of the scalar field φ(x) → φ′(x) ≡
eiθ φ(x), where θ is a constant. Written in terms of φ1 and φ2 the Lagrangian

becomes,

L =
1

2
(∂µφ1)2 +

1

2
(∂µφ2)2−V (φ1, φ2) , V (φ1, φ2) =

1

2
µ2(φ2

1 +φ2
2)+

1

4
λ(φ2

1 +φ2
2)2 .

(1.38)

As in Section 1.3.1, considering λ positive, there are two possibilities for the minimum

condition of the potential. The first possibility, µ2 > 0, is just the usual situation

with a single ground state.

The other case, µ2 < 0, with SSB, is more interesting. The potential has the

minimum along a circle of radius,

φ2
1 + φ2

2 =
−µ2

λ
≡ v2 . (1.39)
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This potential is represented in Fig. 1.3.

Figure 1.3: The potential for a complex scalar field φ. Note that the minima
of V (φ), when µ2 < 0 and λ > 0, have infinite degenerate possible values along

the circle of radius v (see text) on the real components of the field plane.

As before, to expand around v2, we have to choose some point on the circle,

which will break the symmetry for the solutions. Let us pick up the point φ1 = v,

φ2 = 0, and write, with η and φ real,

φ =
1√
2

(v + η(x) + iρ(x)) . (1.40)

Substituting this in Eq. 1.38, we again find a Lagrangian that can be interpreted in

terms of particles and their interactions,

L =
1

2
(∂µρ)2 +

1

2
(∂µη)2

+ µ2η2 − 1

2
(µ2 + λv2)ρ2

− λν(ηρ2 + η3)− λ

2
η2ρ2 − 1

4
η4 − λ

4
ρ4

+ constant .

(1.41)

The terms in the first line are normal kinetic terms. The first term in the second

line tells us that the η field corresponds to a particle of m2
η = 2|µ2|. Remarkably,

the second term in ρ2 vanished, since the value inside the parenthesis is null by

definition, implying that the ρ field particle is massless. The fact that there are

massless excitations associated with the SSB mechanism is a completely general

result, known as the Goldstone theorem [10]: if a Lagrangian which is invariant

under a continuous symmetry group G (in our case it was U(1)) is spontaneously
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broken (due to the choice of a particular ground state), then there must exist as

many massless spin-0 particles (Goldstone bosons) as broken generators. It is clear

how the massless particle arises: the potential is a minimum along a circle. Along

this circle the potential is flat, so there is no resistance to motion around the circle,

which is the meaning of the massless excitation.

1.3.3 The BEH Mechanism

At first sight, the Goldstone theorem discussed in Section 1.3.2 has very little to

do with the mass problem of the EW theory. In fact, it makes it worse in the

sense that we need massive states and not massless ones. However, something very

interesting happens when we consider the Lagrangian invariant under local gauge

transformations. From Section 1.2.2, we know that the local gauge transformations

require the introduction of a vector field Aµ and the Lagrangian should be written

in terms of the covariant derivative,

L =
(
Dµφ

)† (
Dµφ

)
− µ2φ‘†φ− λ

(
φ†φ

)2

, (1.42)

where we have not written the kinetic term (− 1
4FµνF

µν) since it does not enter

in the analysis. We want to choose µ2 < 0 and write conveniently the field φ(x)

profiting from the local gauge invariance,

φ(x) =
v + h(x)√

2
, (1.43)

with h being a real scalar field. Then the Lagrangian now takes the form,

L =
1

2

(
∂µh

)
(∂µh) +

1

2
g2v2AµA

µ − λv2h2 − λvh3

− 1

4
h4 + g2vhAµAµ +

1

2
g2h2AµA

µ .

(1.44)

One can see in the second term of Eq. 1.44 that the gauge boson A has now ac-

quired mass MA = gv. Note that it is non-zero only when the gauge symmetry is

spontaneously broken, i.e., because of selecting a particular VEV.

The massless Goldstone boson of Section 1.3.2 has now become the longitudi-

nal polarisation state of the gauge boson. This phenomenon is sometimes referred to

as the gauge boson having ”eaten” the Goldstone boson. The mechanism described

is the so-called Brout-Englert-Higgs (BEH) mechanism which was developed in 1964
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by three independent groups: by Robert Brout and François Englert [11]; by Peter

Higgs [12]; and by Gerald Guralnik, Carl Hagen, and Thomas Kibble [13].

From the BEH mechanism, there arises a new single real boson h. From the

third term in Eq. 1.44, we can see that it has a mass Mh =
√

2λv2. It is the so-

called Higgs or BEH boson.2 Note that the gauge boson mass is fixed if g2 and v

are known, but the mass of the Higgs boson is not predicted by the model since it

depends on the strength parameter λ.

To apply the BEH mechanism to the EW theory, one has to extend the Higgs

field in the group symmetry of SU(2), φ+

φ0

 , (1.45)

where φ+ and φ0 are each complex fields,

φ+ =
1√
2

(φ1 + iφ2) , φ0 =
1√
2

(φ3 + iφ4) . (1.46)

The Lagrangian in the SU(2) space has the same form,

L = ∂µφ
† ∂µφ− V (φ) , V (φ) = µ2φ†φ+ λ

(
φ† φ

)2

. (1.47)

As before we want to study the potential which is invariant under the local gauge

transformations,

φ(x) → φ′(x) = ei ~α(x) ~τ/2 φ(x) , (1.48)

where τi are the Pauli matrices and αi are parameters. Proceeding as before in

Section 1.3.1 and 1.3.2, one can see that there is an infinite set of degenerate states

with minimum energy, satisfying,

φ†φ =
−µ2

2λ
=
v2

2
. (1.49)

By choosing a direction in SU(2) space, the symmetry gets spontaneously broken.

Considering one of the possible vacuum states, the appropriate choice is,

φ0 =
1√
2

 0

v

 , (1.50)

2In this thesis this boson will be referred to Higgs boson as that term has long since passed into
common parlance, as was decided by the CERN Council in 2012 [14].
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corresponding to φ3 = v and φ1 = φ2 = φ4 = 0. Once more, we can study the

particle spectrum by expanding around the ground state,

φ(x) =
1√
2

 0

v +H(x)

 . (1.51)

Again, we benefit from the local gauge invariance to make this simple choice. This

amounts to three fields coming from the Goldstone theorem when we have chosen

a particular vacuum state. Below we will see that these three massless bosons are

just what are needed for the longitudinal parts of the W± and Z bosons. Then,

adding the U(1)Y symmetry and writing the covariant derivative, the Lagrangian of

Eq. 1.47 can be rewritten. The piece generating the gauge boson masses is,

(Dµφ)
† (

Dµφ
)

=
v2

8

[
g2
(

(W 1
µ)2 + (W 2

µ)2
)

+
(
gW 3

µ − g′Bµ
)2
]
. (1.52)

Regarding the relations given in Eq. 1.30, the first term in Eq. 1.52 becomes,(
1

2
vg2

)2

(W+)µ(W−)µ , (1.53)

yielding the W mass,

mW =
gv

2
. (1.54)

Similarly, for the massive neutral gauge boson, Z, we obtain,

mZ =
v

2

√
g2 + g′2 . (1.55)

Finally, since no AµA
µ appears, MA = 0 which is expected since it is the photon

term.

Thus, by SSB of the symmetry group SU(2)L×U(1)Y , three Goldstone bosons

have been absorbed by the W± and Z bosons to form their longitudinal components.

Now these gauge bosons have acquired a proper mass term in the Lagrangian. Since

the U(1)Y symmetry is still unbroken, the photon which is its generator, remains

massless, as it should be. There is a new massive fundamental scalar boson predicted

by the model: the Higgs boson. Its mass is given in terms of the signal strength,

MH = v
√

2λ.

Finally, the BEH mechanism provides a simple way to have massive lep-

tons and quarks in the SM as well. Since we have introduced an additional scalar

doublet into the model, we can add an interaction term for the leptons into the EW
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Lagrangian,

Lint = ge

(
Lφe−R + φ†e−RL

)
(1.56)

where the second term is the Hermitian conjugate of the first. Since L =

 νe

e−


and φ =

(
φ+φ0

)
, the term Lφ = νeLφ

+ + e−Lφ
0 is an SU(2) invariant.

Following the previous analysis for the EW gauge bosons, we can calculate

the mass spectrum by replacing,

φ→

 0
v+H√

2

 , (1.57)

where v is the Higgs VEV and H represents the Higgs boson. Substituting this into

Eq. 1.56 gives,

Lint =
gev√

2

(
e−Le

−
R + e−Re

−
L

)
+

ge√
2

(
e−Le

−
R + e−Re

−
L

)
H , (1.58)

where the first term has exactly the expected form for the mass of the electron, so

me =
gev√

2
. (1.59)

Since ge is arbitrary, the value of the electron mass is not predicted by the theory.

The second term in Eq. 1.58 contains the electron-Higgs interaction, whose strength

is proportional to the electron mass. The rest of the leptons and quarks masses can

be generated in the same way.

1.4 The Higgs Boson Mass Constraints

The SM is the combination of the previously discussed theories of EW and strong

interactions. Its Lagrangian has the symmetry group SU(3)C × SU(2)L × U(1)Y .

After spontaneous symmetry breaking part of this symmetry group is reduced.

SU(2)L × U(1)Y becomes U(1)em which is the usual group of classical QED.

The Higgs boson is predicted by the theory when the BEH mechanism is

applied to the EW Lagrangian in order to get massive weak bosons. The Higgs

boson mass is unpredicted by the SM theory as was discussed in Section 1.3.3.

Nevertheless, constraints can be derived from internal consistency conditions. Upper

bounds on the mass can be generated by assuming that the SM can be extended
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up to a scale Λ before perturbation breaks down and new dynamical phenomena

emerge.

There are several ways to get constraints on the Higgs mass despite the general

lack of prediction from the theory, the first of which comes from one-loop EW ra-

diative corrections. The Higgs boson contributes to radiative corrections on the top

quark and W boson masses. Therefore, precision measurements of EW parameters,

like the top quark and W boson masses or the weak mixing angle (θW ) of the W

and Z bosons can constrain the Higgs boson mass.

Combining the high precision measurements of these masses taken at the

LEP [15] and Tevatron [16] colliders, leads to a ∆χ2 fit of the Higgs boson mass.

Figure 1.4 shows this fit, from the measurements mentioned above, as a function of

the Higgs boson mass. The preferred value for the Higgs boson mass is at 87+35
−26 GeV

at a 68% confidence level (CL), which corresponds to the minimum of the fitting

curve. This is not a proof that the Higgs boson exists but it gives an idea for the

mass range in which it is expected. The upper limit on the Higgs mass is quoted for

mH < 186 GeV at 95% CL and direct experimental searches by the LEP experiment

placed a lower limit of mH > 114.4 GeV at 95% CL [17].

Figure 1.4: Limits on the Higgs mass within the SM from precision electroweak
constraints, and direct Higgs searches by the LEP and Tevatron experiments.
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1.5 Phenomenology of Proton-Proton Collisions

The calculation of production cross sections at proton colliders takes into account the

fact that protons are composite objects. The process of interest takes place between

the constituents of the protons but these processes are accompanied by interactions

of the residual objects. The aim of this section is to give a brief summary of the

most important aspects of proton-proton collisions. A detailed description can be

found in Ref. [18].

1.5.1 General Aspects of Proton-Proton Collisions

Protons are not fundamental particles, instead they are composed of elementary

constituents known as partons which are valence quarks, sea quarks and gluons.

In proton-proton collisions, these basic constituents interact with each other. The

dominant processes are strong interactions which are described by the theory of

QCD. The amount of transferred momentum in the parton interaction allows to

classify the processes as hard or soft. In the case of hard scattering, the cross

section can be calculated using perturbation theory due to the small strong coupling

parameter. Oppositely, for soft processes the strong coupling strength becomes

larger and the scattering has to be calculated using non-perturbative QCD. The

soft scattering constitutes the majority of the cases in proton-proton collisions. A

hard scattering process is usually accompanied by soft interactions which occur with

the partons not participating in the hard scatter process.

A simplified representation of an interaction of two partons a and b, which

are constituents of the protons A and B, respectively is given in Fig. 1.5.

Figure 1.5: Representation of the structure of a generic hard-scattering process
from Ref. [19].
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The hard scatter process ab → X produces some final state X and hadronised

proton remnants. The latter are referred to as the underlying event (UE). The cross

section of the hadrons A and B can be expressed by,

σAB =
∑
a,b

∫
dxa dxb fa/A(xa, Q

2)fb/B(xb, Q
2)σ̂ , (1.60)

where σ̂ denotes the partonic cross section of the initial state partons a and b. The

parton distribution function (pdf) is given by fa/A(xa, Q
2) (fb/B(xb, Q

2)). This

describes the probability to find a parton a (b) carrying the longitudinal momen-

tum fraction xa (xb) at moment transfer Q2 of the hadron A (B). The pdfs are

not predicted by QCD perturbation theory but they can be measured in inelastic

scattering experiments for a given Q2 [20]. Figure 1.6 shows the pdfs of the proton

for different transfer scales Q2.

In the hard scattering many quarks and gluons are produced. The partons

carry colour charge, so they can radiate through bremsstrahlung process. The quarks

can radiate gluons which can radiate as well or create qq pairs, forming a parton

shower (PS). Such PS can be also produced from the initial state partons which

do not take part in the hard scatter process. When the emissions come from the

incoming partons, they are known as initial state radiation (ISR). If the emission is

related to the outgoing partons, then it is called final state radiation (FSR).

Figure 1.6: Parton distribution functions of the proton as determined for the
MSTW08 PDF set for Q2 = 10 GeV2 and Q2 = 104 GeV2 on the left and right,
respectively. The bands reflect the uncertainties at the 68% confidence level [20].
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1.5.2 Luminosity

In colliders the luminosity (L) is the ratio of the number of events detected (N) of

one type in a certain time (t) to the interaction cross section (σ),

L =
1

σ

dN

dt
. (1.61)

The luminosity has dimensions of events per time and per area. This is measured

in units of cm−2s−1.

Today’s colliders all employ bunched beams. If two bunches containing n1

and n2 particles colliding head-on with frequency fcoll, a basic expression for the

luminosity is,

L = fcoll
n1n2

4πσxσy
, (1.62)

where σx and σy characterise the transverse beam sizes in the horizontal and vertical

directions. The expected number of events (Nexp) is the product of the cross section

of interest (σ) and the time integral over the instantaneous luminosity (L),

Nexp = σ ×
∫
Ldt = σ × L, (1.63)

where the quantity L is called integrated luminosity which is used to quantify the

total amount of collisions in a period of time. Cross sections are usually measured

in units of barns. 3

1.5.3 Expected Cross Section at Hadron Colliders

The formalism described in the previous sections is used to obtain predictions for

some SM cross sections at hadron colliders. Figure 1.7 presents an overview of

different cross sections for some processes as a function of the center-of-mass energy

for the Tevatron and the LHC colliders.

The total inelastic proton-proton cross section (σtot) is about 6 orders of

magnitude higher than the cross section of W or Z bosons. The Higgs boson with

mH = 125 GeV production cross section is predicted to be about ten to eleven,

depending on the production mechanism, orders of magnitude smaller than the

total inelastic proton-proton cross section. Thus, very high luminosities are needed

to produce sufficient rate of such processes.

31 barn = 10−28 m2 = 10−24 cm2.
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Figure 1.7: Cross sections and expected number of events for an integrated lumi-
nosity of 1033 cm−2s−1 of SM processes in proton-proton (LHC) and anti-proton-

proton (Tevatron) collisions as a function of the center-of-mass energy [18].

1.6 Higgs Boson Production Modes

In the SM, the main production mechanisms for the Higgs boson at hadron colliders

make use of the fact that the Higgs boson couples preferentially to heavy particles.

It includes the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. Other production processes, such as the associated production
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with a single top, b-quarks and diffractive production play minor roles and are not

considered here.

The four main production modes are thus:

• Gluon-gluon fusion: gg → H

• Vector boson fusion: qq → V ∗V ∗ → qq +H

• Associated production with W/Z bosons: qq → V +H

• Associated production with top quark: gg, qq → ttH

The Feynman diagrams of these four main production mechanisms processes

are shown in Fig. 1.8.

V

q

�q

V

H
__

q
q

q

q

q

H
V*

V*

H

H

g

t ,b

g

H

g

g

t

t

t

t

_

a) Associated production with W/Z (WH/ZH)

c) Gluon−gluon fusion (ggF) d) Associated production with top quark (ttH)

b) Vector boson fusion (VBF)

Figure 1.8: The dominant SM Higgs boson production modes in hadron
colliders.

Figure 1.9 shows the cross sections for the dominant Higgs boson production

as a function of the Higgs boson mass in proton-proton collisions at a center-of-mass

energy of 8 TeV. The cross section decreases rapidly with increasing Higgs mass for

all production modes.

Table 1.4 shows the cross section for the main production mechanisms for a

Higgs boson mass of mH = 125 GeV in proton-proton collisions at a centre-of-mass

of 8 TeV.
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Figure 1.9: Higgs boson production cross sections in proton-proton collisions
at a center-of-mass energy of 8 TeV.

Table 1.4: The dominant Higgs boson production mechanisms for proton-proton
collisions and their cross section (σ) at a center-of-mass energy of 8 TeV for a
Higgs boson mass with mH = 125 GeV. The corresponding errors are expressed

in percent [21].

Production mode Representation σ (pb) (mH = 125 GeV)

ggF gg → H 19.52+14.7%
−14.7%

VBF qq → qqH 1.58+2.8%
−3.0%

WH qq → WH 0.70+3.7%
−4.1%

ZH qq → ZH 0.39+5.1%
−5.0%

ttH gg → ttH 0.13+11.6%
−17.0%

1.6.1 Gluon-gluon Fusion Production

Gluon-gluon fusion (ggF) is the main production mechanism of Higgs bosons in

high-energy proton-proton collisions throughout the entire mass range up to 1 TeV.

The gluon coupling to the Higgs boson in the SM is mainly mediated by triangular

loops of top quarks as shown in Figure 1.8-c). The loop can also be mediated by a

bottom quark but the top quark is preferred because of its larger Yukawa coupling

to the Higgs boson compared to the bottom quark.

The dynamics of the ggF mechanism is controlled by strong interactions. In

QCD perturbation theory, its cross section is proportional to the square of the QCD
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coupling constant. The ggF cross section has been calculated up to next-to-next-

to-next-to-leading order (NNNLO) in QCD using the large-mt limit [22, 23]. This

approximation has been tested at next-to-leading order (NLO). This calculation has

been compared to the exact Born cross section result, with the full dependence

on the mass of the top quark, yielding differences only of a few percent [24]. The

computation of the ggF cross section includes NLO electroweak corrections and QCD

soft-gluon resummation up to next-to-next-to-leading logarithmic (NNLL) terms.

The detailed description on the procedure is given in Ref. [25].

The Higgs boson can also be produced in association with one or more jets

with high momenta. At leading order (LO) the processes are just gg → Hg and

gg → Hgg which are mediated by triangles up to pentagon diagrams. Figure 1.10

presents some example Feynman diagrams for these processes.

H

H

H

a) H + 1jet b) H + 2jets

Figure 1.10: Feynman diagrams for the Higgs boson production through ggF
in association with jets at proton-proton colliders.

The kinematics of Higgs signals in association with jets differ significantly

from that of known SM backgrounds. These properties can be exploited to select

corners of phase space where the expected signal-to-background ratios are larger

than in a purely inclusive approach [26]. This is the basic strategy that follows the

Higgs boson search in Chapter 5.

1.6.2 Vector Boson Production

The second dominant process arises from the vector boson fusion (VBF) mechanism,

which is one order of magnitude lower than the ggF for a Higgs boson with mass

mH = 125 GeV, as shown in Fig. 1.9. This production mode is characterised by the

presence of two forward jets arising from the two outgoing quarks. Figure 1.8 b)

presents the Feynman diagram for the VBF production mechanism.

The production of a Higgs boson accompanied by two jets mainly receives

contributions at hadron colliders from ggF, VBF and associated production modes.

For the former, the Higgs boson couples to a weak boson that links two quarks lines,
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which are dominated by t- and u-channel-like diagrams. For the latter, the two jets

appear when the associated vector boson decays into a pair of quarks. In the genuine

VBF channel, the hard jet pairs have a strong tendency to be forward-backward

directed while the Higgs boson decay products are expected in the central region of

the detector. This is in contrast to other jet-production mechanisms, as for example

tt decay processes, offering a good background suppression. Since quarks from the

incoming protons carry large momenta, the invariant mass of the two additional

quarks in the VBF production mechanism is expected to be larger than for QCD

processes where gluons are radiated off the incoming quarks. To measure the Higgs

couplings in VBF, specific cuts should be applied in order to suppress events from

Higgs accompanied by two jets via ggF, which becomes a new background to the

VBF signal. In the ggF channel, as was discussed in Section 1.6.1, the Higgs boson

can be radiated off a heavy-quark loop that couples to any parton of the incoming

hadrons via gluons. Although the final states are similar, the kinematic distributions

of the jets are different. Applying appropriate event selection criteria, it is possible

to sufficiently suppress the ggF Higgs boson mechanism with respect to the VBF

one. The ggF and VBF production modes are of particular interest for the analysis

presented in Chapter 5.

1.6.3 Associated Production Modes

The next contributing production mechanism is the associated production with vec-

tor bosons represented by V , where V = W, Z in Fig. 1.8 a). This is essentially a

Drell-Yan process in which the W± or Z boson radiates a Higgs boson. Hence, these

Higgs boson production processes are usually referred to as Higgs-strahlung. The

cross section of the associated production mode with vector bosons is three (WH)

and five (ZH) orders of magnitude lower than the ggF.

The last mechanism is the associated production with the top quark. This is

the lowest contributing production process and its corresponding Feynman diagram

is shown in Fig. 1.8 d).

1.7 Higgs Boson Decay Modes

In the SM, once the Higgs boson mass is fixed, the properties of the Higgs particle is

uniquely determined. The Higgs couplings to gauge bosons are proportional to the

square of the boson masses and the coupling to fermions are directly proportional
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to the fermion masses,

gHff =
mf

v
, gHV V =

2m2
V

v
, gHHV V =

2m2
V

v2

gHHH =
3m2

H

v
, gHHHH =

3m2
H

v2
.

(1.64)

The Higgs boson has the tendency to decay into the heaviest ones allowed kine-

matically. Thus, the dominant decay mechanisms involve the coupling to the Higgs

boson to the weak bosons and/or the third generation of fermions.

Figure 1.11 shows the main Feynman diagrams for the Higgs boson decays

into fermions and gauge bosons. Since photons and gluons are massless, they do not

couple directly to the Higgs boson at tree level. Nevertheless, they can be generated

via loops involving heavy virtual W bosons and heavy virtual quarks, as shown in

the middle Feynman diagram in Fig. 1.11.

H

f

f
−

H H

V

V

Figure 1.11: Feynman diagrams of the Higgs boson decay modes.

Figure 1.12 presents the branching ratio for different decay modes of the Higgs

boson as a function of its mass in proton-proton collisions. Below the threshold for

the production of a pair of W bosons, i.e. mH < 2mW , the predominant decay

channel is H → bb. The decays into a tau pair, a charm quark pair and into two

gluons are one order of magnitude lower. All they together contribute less than

∼ 15% on the total Higgs boson decay.

As shown in Fig. 1.12, above mH ∼ 130 GeV the dominant Higgs decay mode

is into a pair of W bosons. Note that below the W+W− mass threshold the Higgs

decay mode can be produced if one of the W bosons is virtual. The branching

ratio for the H → ZZ decay reaches its maximum above the mH ∼ 200 GeV

threshold. Similarly, the decay into a pair of top quarks (top and anti-top) starts

being significant above a Higgs boson mass of 350 GeV. Table 1.5 presents an

overview of the dominant Higgs boson decay modes for a Higgs boson mass mH =

125 GeV [21].

It is important to mention that besides the branching ratio, the properties

and features of these decays play a central role. One clear example is the bb final
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Figure 1.12: Branching ratios of the different Higgs boson decay modes as a
function of the Higgs boson mass. The left plot extends the Higgs mass range
up to 1 TeV. The right plot only shows the decay modes for the low-mass range,

i.e., mH < 200 GeV.

Table 1.5: Branching ratios for the dominant Higgs boson decay modes for a
Higgs boson mass mH = 125 GeV with the errors expressed in percent [21].

Decay mode
BR ×10−2

(mH = 125 GeV)

H → bb 57.7+3.2%
−3.3%

H → WW (∗) 21.5+4.3%
−4.2%

H → gg 8.57+10.2%
−10.0%

H → ττ 6.32+5.7%
−5.7%

H → cc 2.91+12.2%
−12.2%

H → ZZ(∗) 2.64+4.3%
−4.2%

H → γγ 0.228+5.0%
−4.9%

H → µµ 0.0217+6.0%
−5.8%

state, for which we expect the highest branching ratio for a Higgs boson mass of

mH = 125 GeV, as shown in Tab. 1.5. In this case, the signal is inaccessible in

the ggF mechanism due to the direct QCD production of b-quark pairs produced

in proton-proton collisions. This search becomes more feasible in case of VBF or

VH production modes since they provide additional characteristics that help to

discriminate the SM background contamination. The counter-example is the H →
γγ decay which becomes one of the most powerful channels for the low mass search

despite its very low branching ratio. The feasibility of this channel heavily relies

on excellent photon resolution due to the expected small signal-to-background ratio

for the inclusive analysis. In general, final states involving electrons and muons,
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or photons are more beneficial for the search of the Higgs boson since they present

a clearer signature in the environment of proton-proton collisions. In light of this,

the H → ZZ∗ → 4` and the H→WW (∗)→ `ν`ν (with ` = e, µ) are expected

to provide high sensitivity. The former is commonly referred to as the ”Golden

channel” as with four leptons in the final state the signal is easy to trigger on,

thereby the signal-to-background ratio is increased. Moreover, this decay mode

allows for full reconstruction of the Higgs boson mass. The latter benefits from high

branching ratio for a wide mass range. The Higgs boson decaying into a W pair is

the most significant channel at mH ∼ 160 GeV and it has considerable sensitivity

at mH = 125 GeV. The final state with two high pT leptons is the search on which

this thesis is focused. The analysis strategy is fully covered in Chapter 5.





Chapter 2

The ATLAS Experiment at

the CERN Large Hadron

Collider

2.1 Introduction

The European Organization for Nuclear Research (CERN) serves to provide parti-

cle accelerators and other infrastructure needed for high-energy physics research. It

was founded in the northwest of Geneva in 1954 deriving its name from the acronym

from the French ”Conseil Européen pour la Recherche Nucléaire”. Today CERN has

21 member states and over 600 institutes and universities around the world are in-

volved contributing in different ways. Numerous experiments have been constructed

at CERN following international collaborations such as the Large Hadron Collider

(LHC).

In the LHC, the last and biggest element in the accelerator complex at CERN,

particle beams are accelerated up to the record energy of 6.5 TeV per beam. The

ring of the LHC stands astride the Franco-Swiss border, near Geneva. It has a

circumference of ∼ 27 km which is built at a mean depth of 100 m. Figure 2.1 shows

an aerial view composition of the LHC tunnel and its perimeter on the surface.

The two beams are brought into collision in 4 points located in the center

of the four main detectors situated in the LHC tunnel. The two biggest exper-

iments at the LHC, ATLAS (A Toroidal LHC Apparatus) [27] and CMS (Com-

pact Muon Solenoid) [28], use general-purpose detectors to investigate the largest

33
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range of physics possible. Their main aim is to confirm or exclude the Higgs boson

discussed in Chapter 1. There are two detectors with more specific roles, LHCb

(LHC-beauty) [29] and ALICE (A Large Ion Collider Experiment) [30]. The latter

focuses its research on quark-gluon plasma, simulating the conditions that existed

shortly after the Big Bang. LHCb investigates the dominant amount of matter

with respect to antimatter that is observed in the Universe nowadays. Figure 2.2

presents a diagram of the underground locations of the main four experiments at

LHC: ATLAS, CMS, ALICE and LHCb.

Figure 2.1: Aerial map of the LHC tunnel perimeter overlapped with the
underground beamline view.

There are three smaller experiments at the LHC: TOTEM (Total Cross

Section, Elastic Scattering and Diffraction Dissociation at the LHC), MoEDAL

(Monopole and Exotics Detector at the LHC) and LHCf (LHC forward experiment).

TOTEM uses detectors positioned on either side of the CMS interaction point, while

LHCf is made up of two detectors which sit along the LHC beamline since it focus

on particles brushing past each other rather than meeting head on when the beams

collide. MoEDAL uses detectors deployed near LHCb to search for the theoretical

magnetic monopole particles.

This chapter starts introducing the LHC complex in Section 2.2. The ATLAS

detector, which delivered the data for this thesis, will be described in Section 2.3.

There, an overview of the characteristics of the ATLAS components and their

performance are described.
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Figure 2.2: Diagram of the locations of the main experiments located at the
LHC tunnel: ATLAS, CMS, ALICE and LHCb.

2.2 The Large Hadron Collider

The LHC physics goals require large collision energy since the cross-sections of pro-

cesses of interest, so-called signal, raise faster with increasing collision energy with

respect to the cross-sections of most background processes (see Fig. 1.7). In light of

this, stable high intensity beams are needed in order to produce as many energetic

collisions as possible.

The technological development to reach these goals have been achieved in the

LHC. It has delivered both proton-proton and heavy ion (Pb82+) collisions efficiently

since 2008. This section provides the basis on the LHC accelerator complex and its

design following the detailed description in Refs. [31–33].

2.2.1 LHC Accelerator Complex and Design

The accelerator complex at CERN is a succession of machines that accelerate par-

ticles to increasingly higher energies. Each machine boosts the energy of a beam of

particles, before injecting the beam into the next machine in the sequence. Figure 2.3

illustrates the accelerators complex design.
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Figure 2.3: The CERN’s accelerators complex from Ref. [31].

Protons are pre-accelerated in four increasingly large machines before being

injected to the LHC ring. The beams injected in the LHC are actually a collection of

proton bunches. Each bunch is about 20−30µm in diameter, and a few centimetres

long. The timing and control provided by the LHC is so precise that bunches only

cross paths, producing collisions, within the four caverns of the LHC in which are

located the detectors. The LHC challenge is to get as many bunches as possible

circulating into the ring, each with maximum number of protons. To do that, the

LHC complex starts with a simple bottle of hydrogen gas and an electric field to

strip the electrons from the hydrogen atoms.

The first chain of the accelerator system is a linear accelerator, Linac 2. This

delivers bunches of protons and gets them up to an energy of 50 MeV. From there,

the protons are dumped into the first circular accelerator, called Proton Synchrotron

Booster (PSB). This hardware dates from 1972, and it manages to get the protons up

to 1.4 GeV in 1.2 seconds. It also starts squeezing the bunches down so that they have
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a smaller cross-section. The beam is transferred to the Proton Synchrotron (PS),

which was built in 1959. It has a 628 m circumference, and it takes 3.6 seconds to

get two injections of bunches up to 25 GeV. In the last step of the LHC complex, the

protons are sent to the Super Proton Synchrotron (SPS) where they are accelerated

to 450 GeV. The protons are finally transferred to the two tubes of the LHC,

the so-called beam pipes. As was introduced previously, protons are not the only

particles accelerated in the LHC. Lead ions for the LHC are originate from a source

of vaporised lead and enter Linac 3 before being collected and accelerated in the

Low Energy Ion Ring (LEIR). They then follow the same route to maximum energy

as the protons.

The LHC tunnel was originally constructed between 1984 and 1989 for the

CERN Large Electron-Positron machine (LEP [15]). Inside the LHC, the two high-

energy particle beams travel in separate beam pipes. The beam in one pipe circulates

clockwise while the beam in the other pipe circulates anticlockwise. The beams

circulate inside the LHC under a high vacuum condition. Moreover, electromagnetic

devices are used to keep the particles in their orbits. The main components of the

accelerator are superconducting dipole magnets, operating at a temperature of 1.9 K

and designed for producing magnetic fields of 8.33 T. Superfluid helium is used to

cool down the more than 1200 dipole magnets. Finally, quadrupole magnets focus

the beam, and accelerating cavities, that are electromagnetic resonators, keep the

bunches at a constant energy. It takes about 4 minutes to fill each beam pipe of the

LHC, and 20 minutes for the protons to reach their maximum energy of 4 TeV. When

that energy is reached, the proton beams collide in the center of the experiments.

The details of the LHC beam parameters are quoted in Tab. 2.1.

Circumference 26.7 km

Radius 4.24 km

Number of magnets 9593

Number of dipole magnets 1232

Number of quadrupole magnets 392

Nominal magnetic field strength 8.33 T

Dipole operating temperature 1.9 K

Inelastic cross-section 60 mb

Total cross-section 100 mb

Revolution frequency 11.25 kHz

Bunch frequency 40.08 MHz

Table 2.1: Design parameters of the LHC operating at
√
s = 14 TeV.
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2.2.2 LHC Operation 2010-2012

The first proton beams were successfully circulated in the main ring of the LHC on

September 10th 2008. Nine days later there was an unfortunate incident produced

by a faulty electrical connection. This damaged over 50 superconducting magnets

and led to a long technical intervention that delayed the research program by 14

months [34]. On November 20th 2009, proton beams were successfully circulated

in the LHC tunnel again, with the first recorded proton-proton collisions occurring

three days later at a center-of-mass energy of 900 GeV and 2.36 TeV. On March 30th

2010, the collisions took place between two 3.5 TeV beams, setting a world record for

the highest-energy man-made particle collisions. During 2010 and 2011, the LHC

produced
√
s = 7 TeV proton collisions increasing the number of bunches per beam

from 200 to 1380. In 2012 the energy was increased to 4 TeV per beam, delivering
√
s = 8 TeV proton collisions.

The LHC program completed its first period of proton-proton collisions (Run

I) in 2013. During the first long shutdown in 2013-2014 the experiments of the

LHC have been updating its detectors in order to measure the future collisions at

the center-of-mass energy of 13 − 14 TeV. The LHC re-started its activity by mid

of 2015. Table 2.2 compares the parameters conditions of the LHC proton-proton

collisions in each of the years of the Run I and the design quantities.

2010 2011 2012 Design

Centre-of-mass energy 7 TeV 7 TeV 8 TeV 14 TeV

Peak luminosity [cm−2s−1] 2× 1032 3.65× 1033 7.73× 1033 1034

Protons per bunch (×1011) 0.1− 1.2 0.6− 1.2 1.48 1.15

Number of bunches < 200 200-1380 1380 2808

Average collisions per bunch-crossing ≤ 3 9.1 20.7 22

Time between bunches [ns] ≥ 150 75/50 50 25

Delivered luminosity 48.1 pb−1 5.46 fb−1 22.8 fb−1 —

Table 2.2: Overview of machine parameters of the LHC operation during the
Run I collision years compared to the design values.

One of the most important characteristics of the LHC data is the luminosity.

Colliders’ luminosity depends exclusively on beams parameters and can be calculated

as follows [33],

L =
N2
b nb frev γr
4π εn β∗

F , (2.1)

where Nb is the number of particles per bunch, nb is the number of bunches per

beam, frev is the frequency of complete turns around the ring, γr is the relativistic
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gamma factor for particles in the beam, εn is the beam emittance which is a measure

of how the particles depart from the ideal trajectory, β∗ is the beta function at the

collision point giving the envelope for the particle motion, and F is the luminosity

reduction factor due to the crossing angle at the interaction point (≤ 1). Figure 2.4

shows the peak instantaneous luminosity delivered to the ATLAS detector per day

during the proton-proton collisions of 2010, 2011 and 2012.
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Figure 2.4: The peak instantaneous luminosity delivered to ATLAS per day
versus time during the proton-proton collisions of 2010, 2011 and 2012 from

Ref. [35].

The cumulative luminosities versus time delivered by the LHC, and recorded

by the ATLAS detector are shown in Fig. 2.5. The cumulative luminosity is obtained

integrating the instantaneous luminosity over time (see Eq. 1.63). A total integrated

luminosity of 5.46 fb−1 was delivered by the LHC at a collision energy of 7 TeV in the

year 2011 of which 5.08 fb−1 was recorded by ATLAS. In the year 2012 an integrated

luminosity of 22.8 fb−1 was delivered by the LHC at a collision energy of 8 TeV of

which 21.3 fb−1 was recorded by the ATLAS detector. These data samples are

analysed in Chapter 5 for the search of the Higgs boson in the H→WW (∗)→ `ν`ν

final state. During 2010, there was recorded 48.1 pb−1 which served for studies on

the detector performance and efficiency.

From Eq. 2.1 is clear that the more protons per bunch, as well as the more

bunches circulating at once into the LHC ring, the higher the LHC’s instantaneous

luminosity. Thus, having the maximum energy of collisions at the LHC gives the

chance of exploring rare events. However, having high number of protons per bunch

crossing and/or high number of bunches in the beams of the LHC enhance the

probability of having multiple proton-proton interactions at the same event. This
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effect is referred to as pile-up and it can be separated in the next two types depending

on the origin of the additional proton-proton interactions,

• in-time pile-up: additional inelastic proton-proton interactions from the same

bunch crossings. The higher number of protons per bunch the higher in-time

pile-up effect.

• out-of-time pile-up: additional proton-proton interactions from nearby bunch

crossings. The lower bunch spacing the higher out-of-time pile-up effect.
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Figure 2.5: Total integrated luminosity delivered by the LHC (green), and
recorded by ATLAS (yellow) at

√
s = 7 TeV and

√
s = 8 TeV in 2011 and 2012,

respectively [35].

The in-time pile-up has the largest impact on the physics analyses for the

2010-2012 running conditions. However, for the design 25 ns bunch spacing, it is

expected that the out-of-time pile-up increases its contribution since the different

bunches will be closer to their neighbours. In the following, the in-time pile-up will

be referred simply as pile-up. The pile-up is directly related with the instantaneous

luminosity and it is defined by [36],

µ =
Lσinel
nb frev

, (2.2)

where σinel is the inelastic cross-section which is taken to be 71.5 mb for 7 TeV

collisions and 73.0 mb for 8 TeV collisions. The rest of variables are defined as in
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Eq. 2.1. Figure 2.6 shows the luminosity-weighted distribution of the mean number

of interactions per crossing for the 2011 and 2012 proton-proton collisions.
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Figure 2.6: Luminosity weighted distributions of the mean number of
interactions per bunch crossing for 2011 and 2012 from Ref. [35]. The inte-
grated luminosities and the mean µ values are given for 2011 and 2012 running

conditions.

The increase in pile-up through the Run I data taking has been treated prop-

erly by the physics analyses. The simulated processes are weighted by the µ dis-

tribution obtained from data in order to reproduce the same running conditions as

the recorded collisions. However, the high pile-up environment suffered specially

during 2012 has an important impact in the missing transverse momentum recon-

struction. This quantity is typically represented by the symbol /ET and this will be

deeply analysed in Chapter 4. A big effort has been concentrated to recover the

degraded performance of the /ET with the presence of high pile-up as it is presented

in Chapters 4 and 6.

2.3 The ATLAS Experiment

The general purpose of the ATLAS experiment is to investigate a large range of

physics processes that might become detectable in the high energetic collisions of

the LHC. The whole range of investigations using ATLAS include confirmations or

improved measurements of the SM of particles, as well as studies of hypothetical
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phenomena beyond the SM. One of the most important goals of ATLAS is to detect

the Higgs boson particle. Since its discovery in July 2012, the efforts focus on the

measurements of the Higgs boson properties. Up to now no deviations from the SM

theory have been founded. This section summarises the design and characteristics of

the ATLAS detector and its main components following the description in Refs. [37–

40].

The ATLAS machine is the largest of the four detectors installed in the LHC

tunnel. ATLAS is about 45 m long, more than 25 m high and has an overall weight

of approximately 7000 tones. In the centre of the detector the two beams of pro-

tons or heavy ions circulating in the LHC collide at high energies. The particles

produced in each collision emerge from the centre of the detector in all directions.

The ATLAS detector has been designed to record the paths and energies of the

particles produced from the LHC collisions. In light of this, different components

are built to measure different types of particles. ATLAS is composed of the Inner

Detector (ID), electromagnetic and hadronic calorimeters systems, and the Muon

Spectrometer (MS). Figure 2.7 presents a view of the ATLAS detector and its main

components.

Figure 2.7: The ATLAS detector and its main components.

The ID is located in the innermost part of ATLAS. It is symmetrically built

around the beam pipe of the LHC and it is designed to reconstruct tracks and decay

vertices with high efficiency. It measures the trajectories of the charged particles
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emerged from the collisions. The inner detector is embedded in a solenoidal magnet

which generates a magnetic field of 2 T. The curvature of the trajectories which

results from the the magnetic field bending power, is used to calculate the momentum

of charged particles passing trough it. Electromagnetic and hadronic calorimeters

surround the solenoid magnet. They are designed to measure the deposited energy

and to reconstruct the direction of the different types of particles for which they are

sensitive to. The last layer of ATLAS is formed by the muon spectrometer and a

toroid magnet. The muon tracking system measures the paths of charged particles

crossing the calorimeters. The trajectories are bent by the magnetic deflection

provided by three superconducting air-core toroid magnets, which generate a field

of 0.5 T.

The ATLAS detector is optimised to obtain high resolution measurements of

different types of particles. Figure 2.8 presents an illustration of the signatures of

different particles passing through the ATLAS detector from Ref. [41].

Figure 2.8: Computer generated image representing how the different
components of the ATLAS detector measure different type of particles.

Basic requirements for the ATLAS design are the following,

• Efficient tracking at high luminosity for high-pT lepton-momentum measure-

ments, electron and photon identification, τ -lepton and heavy-flavour identifi-

cation, and full event reconstruction capability at low luminosity.
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• Very good electromagnetic calorimetry for electron and photon separation and

measurement, complemented by a full-coverage hadronic calorimetry for accu-

rate jet and /ET measurements.

• High-precision muon measurements, with the capability of guaranteeing accu-

rate measurements at the highest luminosity using the external muon spec-

trometer alone.

• Triggering and measurement of particles at low-pT, providing high efficiencies

for most physics processes of interest at LHC.

• Large acceptance in pseudo-rapidity (η) with almost full azimutal angle (φ)

coverage. The ATLAS coordinate system is described below.

ATLAS uses a coordinate system with the origin at the point where the beams

collide, the so-called interaction point (IP). The IP is located in the centre of the

detector. The z-axis is situated along the beam line, with the side-A of the detector

defined as that with the positive z. The x-y plane is perpendicular to the beam axis,

with the positive x-axis pointing from the detector to the center of the LHC ring

and the positive y-axis pointing upwards towards the surface. The azimuthal angle

(φ) is measured around the beam axis, and the polar angle (θ) is the angle from the

positive z-axis towards the y-axis. The rapidity is an important variable defined as,

y =
1

2
ln

(
E + pz
E − pz

)
, (2.3)

where E is the energy of the particle and pz is the particles momentum component

in the z direction. More common usage has the pseudorapidity since it depends only

on the polar angle of the particle’s trajectory,

η = − ln

(
tan

(
θ

2

))
. (2.4)

The pseudorapidity is actually the limit of the rapidity when setting the masses to

zero. The value of η = 0 corresponds to θ = π
2 and as the polar angle approaches

zero, the pseudorapidity tends towards infinity. The advantage of this particular

definition is that differences in pseudorapidity are invariant under boosts along the

z axis. The distance ∆R between two objects in the pseudorapidity-azimuthal angle

space is defined as,

∆R =
√

∆η2 + ∆φ2 , (2.5)
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where ∆η and ∆φ are the differences between the object coordinates in η and φ,

respectively.

2.3.1 The Inner Detector

The ID is the closest element of the ATLAS detector, being located directly around

the beam pipe. It is built symmetrically with respect to the beams crossing point,

covering a length of 7 m and a radius of 1.15 m. The ID is surrounded by the solenoid

magnet and the LAr electromagnetic calorimeter. The magnetic field configuration

of the ID is based on an inner thin superconducting solenoid surrounding the ID

cylinder with a radius of 1.2 m and a length of 5.3 m. It provides an axial magnetic

field of 2 T in the centre of the tracking volume.

The ID is responsible for tracking and vertex reconstruction. It provides

excellent momentum and vertex measurements of charged particle tracks above

pT > 0.5 GeV up to very high momentum. Using additional information from the

calorimeter and muon systems, the ID also contributes to electron, photon, and

muon identification, and supplies extra signatures for short-lived particle decay ver-

tices. It is formed by three highly granular subsystems: the Pixel detector followed

by the Semiconductor Tracker (SCT) layers, and the Transition Radiation Tracker

(TRT) detector made of sensitive straws. The layout of the ID provides full tracking

coverage over the range |η| ≤ 2.5 and it is shown in Fig. 2.9. In the barrel region,

the high-precision detector layers are distributed on concentric cylinders around the

beam axis, while the end-cap detectors are mounted on disks perpendicular to the

beam axis.

Each track of a charged particle can be fully identified by the combination of

the parameters obtained from the three elements of the ID. These parameters are

given at the point of closest approach to the nominal beam axis (x = 0 and y = 0)

and they include: the impact parameters in x− y and r− z planes (d0 and z0); the

azimutal and polar angles (φ and θ); and the charged curvature (q/p). The relative

precision of the measurement is well complemented by the different components of

the ID, so that no single measurement dominates the resolution and efficiency of the

detector.

The Pixel detector is the innermost element of the ATLAS detector and it

consists of three highly granulated cylindrical layers of pixel detectors. Each of the

three pixel detector contains 1744 identical rectangular modules with a nominal size

of 50 × 400µm2 and 250µm thickness. The innermost layer of pixels is as close as

5 cm to the beam pipe and it is responsible for the determination of the interaction
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Figure 2.9: The layout of the ATLAS Inner Detector.

point and tagging of short-lived particles such as τ leptons and b-quarks. For this

last reason, this layer is also known as B-layer and it suffers the highest radiation.

Combining the measurements of the three layers of pixel detectors a precision of

10µm in the transverse direction (r − φ) and 115µm in the longitudinal direction

(z for the barrels and r for the end-caps) is achieved.

The SCT is the second innermost detector in ATLAS and it is located between

the pixel and the TRT detectors. The basic principle of the semiconductor detectors

is that the passage of ionizing radiation creates electron-hole pairs in the semi-

conductor which are collected by an electrical field. The barrel of the SCT contains

four cylindrical layers of silicon micro-strip detectors while there are nine discs in

the end-cap region. In the barrel region one set of strips in each layer is oriented

parallel to the beam direction while another set of strips is running radially in the

end-cap region. Each module of silicon detector is 6.36× 6.40 cm2 and contains 780

readout trips. The SCT is designed to provide complementary measurements in the

intermediate radial range, contributing to the measurement of momentum, impact

parameter and vertex position. The achieved spatial resolution of the SCT is 16µm

in the r − φ plane and 580µm in the longitudinal direction (z for the barrel and r

for the end-caps). The SCT highly suffers from radiation damage so, it is necessary

to operate the silicon sensors at low temperatures of approximately −5 to −10 ◦C

to maintain adequate noise performance after radiation damage.

The outermost element of the ID is the TRT which is a gaseous straw detector

composed of many layers of tubes of 4 mm diameter interleaved with transition
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radiation material. The straws are filled with a mixture of 70% Xe, 27% CO2, and

3% O2. The main goals of the TRT are to enhance the tracking capability and to

provide particle identification. In particular, the TRT distinguishes electrons from

pions and other charged particles. Charged particles crossing a boundary between

different dielectric media emit transition radiation with an intensity proportional to

the Lorentz factor γ = E/m. These radiated photons have the energy of typically

several keV, hence they are absorbed in the Xenon-based gas mixture of the straw

tubes. Electrons have a lower mass compared to pions and thus emit a significant

amount of transition radiation. This effect is used to achieved a better particle

identification.

2.3.2 Calorimeters

After traversing the ID and the solenoid, particles produced at the LHC collisions

enter in the ATLAS calorimetry system. The basis for the construction of the

ATLAS calorimeters is to assemble absorber and detection mediums. When a parti-

cle interacts with the absorber material it produces a shower of secondary particles,

of lower energies, which are detected in the active medium. The nature of the

interaction is different for different types of particles: leptons and photons interact

with matter via the electromagnetic interaction while hadrons may interact via the

strong interaction. In light of this, two sets of calorimeters are used in ATLAS

in order to provide good resolution of electromagnetic showers as well as a good

containment of the wider hadronic showers for a large energy range. Thus, the

ATLAS calorimetry system is composed of an electromagnetic calorimeter system

(EM) which is based on lead and Liquid-Argon (LAr) with accordion geometry,

and hadronic calorimeters based on a sampling technique with plastic scintillator

embedded in an steel absorber. The central barrels are made out of plastic tiles,

therefore the name of the hadronic central component: TileCal. The full calorime-

ter system covers the pseudorapidity range up to |η| < 4.9 and it contains the

EM calorimeter covering the range |η|<3.2, a barrel hadronic calorimeter covering

|η|<1.7, hadronic end-cap calorimeters covering 1.4<|η|<3.2, and forward calorime-

ters covering 3.2<|η|<4.8. At larger rapidities, where higher radiation resistance is

needed, the radiation-hard technology is used for all the calorimeters: ElectroMag-

netic End-Cap (EMEC), the Hadronic End-cap Calorimeter (HEC) and the Forward

Calorimeter (FCal). A scheme with all the calorimeters for ATLAS can be seen in

Fig. 2.10.
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Figure 2.10: ATLAS calorimeters system.

2.3.2.1 Electromagnetic Calorimeter

The LAr EM calorimeter consists of two identical half-barrels, separated by a small

gap of 4 mm at z = 0, covering the region |η| < 1.47 and two end-caps comprising

two coaxial wheels covering the range 1.375 < |η| < 3.2.

Each half-barrel is divided into 16 modules and it is made of 1024 accordion-

shaped absorbers arranged with a complete φ symmetry around the beam axis.

Between each pair of absorbers, there are two liquid argon gaps, separated by a

readout electrode. In the region |η| < 2.5, each module is divided into three longi-

tudinal layers with decreasing granularity, while in the |η| > 2.5 range the LAr EM

calorimeter is segmented into two samplings as shown in Fig. 2.11. The first layer

has the finest granularity and it allows for precise measurements of the electromag-

netic shower shape. The cells in the second layer have granularities of 0.025× 0.025

and 0.050× 0.025 in ∆η×∆φ in the barrel and end-cap regions, respectively. Most

of the energy of the electromagnetic showers originating from electrons and photons

is deposited in the second layer which has a thickness of about 16 radiation lengths

(X0). The third layer owns a depth of about 2 X0 and a granularity of 0.050× 0.025

in ∆η ×∆φ.

The EMEC, the HEC and the FCal calorimeters are placed inside the end-

cap cryostat. The EMEC uses the same technique as in the LAr EM barrel and it
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covers the range 1.375<|η|<3.2. The HEC covers the region 1.5<|η|<3.2 and it uses

copper plates as absorbers placed with parallel geometry in this case. The FCAL is

extended in the 3.2<|η|<4.9 region and it provides larger electromagnetic coverage

as well as hadronic shower measurements by using copper and tungsten as absorbers,

respectively. The total thickness of the end-cap calorimeter system is above 26 X0.
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Figure 2.11: Diagram of a LAr EM calorimeter barrel module. It is shown the
longitudinal segmentation, the cell size and the accordion structure.

2.3.2.2 Hadronic Calorimeter

The hadronic calorimetry system at the ATLAS detector is mainly designed to

determine the energy and direction of the hadronic showers as well as to contribute

to the measurement of the /ET quantity [42]. Detailed studies for the different

/ET definitions used by ATLAS are described in Chapter 4. The ATLAS hadronic

calorimetry surrounds the EM calorimeter and it has a high coverage extending its

region up to |η| < 5. In order to maximise the efficiency of the detector different

designs and techniques are used depending on different η ranges.

The TileCal calorimeter covers |η|<1.7 and it is divided into one central long

barrel with a length of 5.6 m and two extended barrels with a length of 2.9 m each.

There is a gap between the central and extended barrels of 0.6 m, which is needed

for the ID detector and LAr calorimeter services. The inner radius of the TileCal
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detector is approximately 2.2 m and the outer radius approximately 4.2 m. Each

TileCal barrel contains 64 wedge-shaped modules, where the scintillator tiles are

oriented radially and normal to the beam line. This achieves an almost full azimuthal

angle coverage. The modules are made out of plastic scintillating tiles, which are

embedded in a steel absorber structure as shown in Fig. 2.12.

Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Figure 2.12: TileCal module components and structure.

When the particles cross the TileCal, light is produced in the scintillating

material. The intensity of this light is proportional to the energy deposited by

the particle in the calorimeter. The produced light is collected using wave-length

shifting fibres and conducted to the PMTs that convert it to an electrical signal.

The front-end and digitizing electronics are situated in the back-beam region of

the modules on the so-called drawers. The motherboard is the basic element that

holds together all the electronics in a drawer. The PMTs are read-out in groups

of 12 by a motherboard, which sends out the digitalized data to the TileCal back-

end electronics. The back-end electronics are installed in the counting rooms of

the ATLAS cavern, in a low radiation environment. The Read-Out Driver (ROD)

system is the central element of the back-end electronics. This uses the data from

the front-end electronics as input to the online reconstruction algorithms in the

first level of trigger as described in Section 2.3.5. High performance on the TileCal

electronics and measurements are crucial for having a reliable reconstruction of the
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hadronic showers. The TileCal energy and time offline reconstruction using the

Optimal Filtering Algorithm are described in more detail in Chapter 3.

In the region 1.5 < |η| < 4.9 the LAr techniques are used for the two end-caps

(1.5 < |η| < 3.2) and the two high density forward calorimeters (3.2 < |η| < 4.9)

as described in Section 2.3.2.1. The hadronic end-caps are made up of two equal

diameter wheels. The first wheel is built out of 25 mm copper plates as absorber

and the second wheel uses 50 mm copper plates. Compared to iron, copper has a

shorter interaction length that allows to increase the size of the LAr gaps between

plates, thereby reducing the electronic noise, the integration time and pile-up noise.

In both wheels the absorber plates are separated by 8.5 mm gaps filled with liquid-

argon and a structure of three electrodes that divide the gap into four drift spaces

of ∼ 1.8 mm.

The forward calorimetry should be efficient at forward jet tagging and /ET

reconstruction. The forward calorimeters are high density detectors in order to

accommodate at least 9 interaction lengths of active material in rather short longi-

tudinal space. Each forward calorimeter is divided into three longitudinal sections.

In the first section the absorber is copper while in the second and third sections

is tungsten. The calorimeter consists of a metal matrix (the absorber) filled with

rods (electrodes). Liquid-argon is the active medium and fills the gaps between the

matrix and the rods.

2.3.3 The Muon Spectrometer

The ATLAS muon spectrometer has been designed to make efficient use of the

magnet bending power with a coverage of |η|<3. It provides projective towers in η

and φ and is made out of practical chamber dimensions for production, transport

and installation [43]. Figure 2.13 shows the position of the muon chambers.

The spectrometer is divided into three regions: barrel region (|η| < 1.05),

transition region (1.05 < |η| < 1.4) and end-cap region (|η| > 1.4). Four different

technologies have been used depending on spatial and timing resolution, resistance to

radiation and engineering considerations: Monitored Drift Tube chambers (MDT),

Cathode Strip Chambers (CSC), Resistive Plate Chambers (RPC) and Thin Gap

Chambers (TGC).

The MDT chambers are composed of multilayers of high-pressure drift tubes.

Each multilayer is mounted on each side of the support structure. The drift tubes

are made of aluminium, 30 mm of diameter, with a central wire of W-Re. They work

at 3 bar absolute pressure with a non-flammable mixture of Ar − CO2.
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Figure 2.13: The ATLAS muon spectrometer in rz (left) and xy views (right).

The CSCs are multi-wire proportional chambers operated with a mixture of

Ar − CO2 − CF4. The distance between anode wires (2.5 mm) equals the distance

to the cathode. The cathode readout is segmented into strips (5.08 mm) orthogonal

to the anode wires. The precision coordinate is obtained by measuring the induced

avalanche in the segmented cathode, achieving space resolutions better than 60µm.

The RPC is a gaseous parallel-plate detector with a typical space-time reso-

lution of 1 cm × 1 ns with digital readout. It is composed by two parallel resistive

plates made out of bakelite. The plates are separated by spacers that define the

size of the gas gaps. The gas is a mixture of C2H2F4. A uniform electric field of

a few kV/mm produces the avalanche multiplication of ionization electrons. The

signal is read out via capacitative coupling to metal strips placed at both sides of

the detector and grounded.

The TGC is built with 50µm wires separated by 2 mm. The wires are

placed between two graphite cathodes at a distance of 1.6 mm. Behind the graphite

cathodes, strips or pads are located to perform a capacitive readout in any desired

geometry. Some advantages of these chambers are a fast signal, typical rise time

10 ns and low sensitivity to mechanical deformations.

In the barrel region the chambers are situated in three concentric cylinders

(the so-called stations) around the beam axis at a radial distance of 4.5 m, 7 m

and 10 m. MDT chambers are used for high precision measurements and RPC for

triggering. The low-pT muon trigger uses two double-layer RPCs located on each

side of the middle station, while the high-pT trigger uses one triple layer chamber

located at the outer barrel muon station. In the transition and end-cap region

most of the chambers are installed perpendicular to the beam axis as it is shown in

Fig. 2.13. In the transition region (1.05 < |η| < 1.4) the muon track is measured
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with three vertical stations, placed inside or near the barrel magnet. In the end-

cap region (|η| > 1.4), the stations are located before and after the end-cap toroid

magnets and a third one near the cavern wall. The trigger is provided by the TGC

chambers while precision measurements are provided by the MDT chambers at small

η and the CSC chambers at large rapidity.

2.3.4 Magnetic Field

The main purpose of the ATLAS magnetic field is to bend particles in order to

perform momentum measurements. The ATLAS magnetic field is optimised to

increase the identification power of the sub-detectors in a light and open structure

which minimises scattering effects [44]. This consists of a central solenoid servicing

the inner detector with an axial magnetic field of 2 T, surrounded by eight large

scale air-core toroids generating a tangential magnetic field of approximately 0.5 T

and 1 T for the muon spectrometer in the barrel and end-cap regions respectively

(Fig. 2.14). The Nb-Ti superconductor in a copper matrix technology is used in this

case. The magnet system weights 1300 t and is cooled by liquid He at 4.5 K.

Figure 2.14: Scheme of the ATLAS superconducting air-core toroid magnet
system (left) and picture of the central toroid (right).

2.3.5 Trigger System

The interactions in the ATLAS detectors create an enormous flow of data. To

digest the data, ATLAS uses an advanced trigger system to tell the detector which

events to record and which to ignore. Complex data-acquisition and computing

systems are then used to analyse the collision events produced at the LHC [45]. The
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major challenge for the online selection of interesting events is the high efficiency

requirement to reduce the original event rates of 40 MHz down to 200 Hz. This

selection has to be fast and efficient since the selected events are stored permanently

and used by the physics analysis. The ATLAS trigger system is composed of three

levels of event selection where each level refines the decision made at the previous

level by applying additional selection criteria. The three distinct levels illustrated

in Fig. 2.15 are briefly described in the following.

Figure 2.15: Schema of the ATLAS Trigger and Data Acquisition system from
Ref. [45]. The Level 1 trigger system receives the data directly from the front-end
electronics of the muon and calorimeter sub-systems. The data reconstructed by
the ROD boards is transferred to the Level 2 for all the sub-systems. The Event

Filter reduces by a factor 10 the data rate and its output is then recorded.

The Level 1 (L1) trigger stage is hardware-based and uses a limited amount

of the total detector information to reach a decision whether to keep an event in less

than 2.5µs, reducing the event rate from up to 40 MHz to about 75−100 kHz. During

this time the data from the sub-detectors are initially stored in pipeline memories.

The L1 trigger uses reduced-granularity information from the calorimeter and muon

systems and searches for high transverse momentum signatures originating from

electrons, photons, jets and hadronically decaying τ leptons as well as large /ET

measurement. The possible trigger objects rely on the so-called Regions of Interest
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(RoI’s) which are defined by their coordinates in η and φ. The topoclustering

algorithm is one of the algorithms used in ATLAS for merging cells with energies

above a certain threshold to reconstruct an object. This clustering algorithm is

described in detail in Chapter 3. This is evaluated through the performance of the

energy reconstructed in TileCal.

Once the RoI’s are defined, they are held in read-out buffers (ROBs) until

they are processed by the Level 2 (L2) trigger. Then they can be either discarded

or accepted, in which case they are transferred by the DAQ system to the storage

system for the next level of triggering.The Level 2 (L2) trigger is software-based.

The selection is largely based on the full- granularity information of all sub-detectors

in the RoI’s. A sequence of dedicated L2 algorithms is executed for each L1 RoI

to compute event feature quantities to determine if the candidate object should

be retained. The average processing time available for L2 algorithms is 40 ms and

a reduced rate of approximately 3 kHz is achieved. The data accepted by the L2

trigger systems are further passed on to the Event Builder (EB), which performs a

full reconstruction of the event.

The final online selection is performed by the Event Filter (EF) that typi-

cally uses the same algorithms as the offline reconstruction taking the full detector

information into account. The event processing time is of about 4 s per event and

it achieves the additional event rejection to reduce the output rate to about 200 Hz.

The events selected by the EF are finally stored in the CERN computer centre for

further offline processing and analysis.





Chapter 3

Description and Performance

of the TileCal Noise

3.1 Introduction

The TileCal is the central component of the ATLAS hadronic calorimeter system, as

described in Chapter 2. The features of the energy reconstruction in TileCal affect

the performance of physics observables such as /ET and jets. Specially, the noise

treatment in TileCal has a direct impact on signal processing and thus, it causes

effects on the performance of topological clusters. These clusters are the baseline for

/ET and jet algorithms, which rely on the energy deposits in the ATLAS calorimeter

system. Hence, it is crucial to have a good response and reliable measurements in

TileCal cells.

The aim of this chapter is to present the performance of the TileCal noise

using randomly triggered events collected by the ATLAS detector during 2008 and

2009. Firstly, the energy reconstruction algorithm in TileCal cells is presented in

Section 3.2. The Optimal Filtering algorithm is used for time and energy recons-

truction in TileCal cells and described in detail. The reconstruction of the energy

deposited in the TileCal cells is used as input for the ATLAS Topological Clustering

algorithm. This algorithm merges together neighbouring cells as long as the signal

in the cells is significant compared to noise as described in Section 3.3. The per-

formance of different configurations is evaluated through shape-based topocluster

quantities, so-called topocluster moments. The conclusions extracted from these re-

sults motivate the introduction of an improved noise description which accounts for

57
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the non-Gaussian observed contribution. The two-Gaussian approach is presented

in Section 3.4. Finally, Section 3.5 contains the results on topoclusters and /ET

performance comparing both, one- and two-Gaussian noise procedures.

3.1.1 Data and Monte Carlo Samples

Four data samples taken at the ATLAS detector during 2008 and 2009 are used for

the noise studies presented in this chapter. Their characteristics are summarised

in Tab. 3.1. The first three data samples are performed under comparable detec-

tor conditions. These are closed detector and both solenoid and toroid fields on.

All of them are collected without collisions; instead a random trigger from cosmic

interactions is used. The main differences with collision data are the timing, due

to cosmic events being asynchronous with time in LHC machine, and the particle

direction, since cosmic events are not coming from the interaction point. There-

fore, randomly triggered events are ideal for energy reconstruction and noise studies

since they allow to test detector performance without any extra contribution of

energy deposits from particles generated at the collisions. Moreover, the events

are recorded with absence of LHC beams except for the data sample listed at the

bottom in Tab. 3.1. The TileCal cell energy in these randomly triggered events is

reconstructed using the Optimal Filtering algorithm described in Section 3.2.1. The

TileCal noise description methods are quoted in the sixth column and described in

Section 3.4.

Run
Year Month Trigger

LHC Noise Number
Number conditions description of events

91890 2008 October Random cosmics No beams one-Gaussian 6000

121513 2009 July Random cosmics No beams one-Gaussian 6060

137909 2009 November Random cosmics No beams two-Gaussian 109927

140535 2009 November Random cosmics One beam two-Gaussian 5540

Table 3.1: Data samples used in the TileCal noise performance studies presented
in Chapter 3 and Appendix A. They were collected by the ATLAS detector with
absence of collisions between October 2008 and November 2009. The number of

events are quoted in the last column.

The results presented in this chapter are obtained with the Athena software re-

leases from 14.5.0 to 15.3.0. Moreover, the official ATLAS package CaloRec-02-08-62

has been modified accordingly to obtain different configurations of topoclusters and

to compare their performance. Finally, simulated samples are used to compare the
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observed performance of the TileCal in real data in contrast with W → `ν events

generated with Pythia. This sample contains over 104 simulated events.

3.2 The Energy Reconstruction

The TileCal is divided into four partitions in η, two in the central long barrel (LBC

and LBA) and two in the extended barrels (EBC and EBA). The nomenclature of

the TileCal partitions refers to long (L) or extended (E) barrels (B) and it ends

assessing the sign of the coordinate position along the beam axis (A and C for

positive and negative η side respectively). The TileCal is also segmented in depth

into three layers as shown in Fig. 3.1. The innermost layer contains type A cells.

The layer in the middle contains BC cells in the long barrel and B cells in the

extended barrels. The cells in the outermost TileCal layer are known as D cells.

In addition to the standard cells, the Intermediate Tile Calorimeter (ITC) cells are

located in the intersection between the crack region and the extended barrel. They

cover the regions 0.8 < η < 1.0 (labelled D4 and C10 in Fig. 3.1) and 1.0 < η < 1.6

(E cells) [42, 46].

Figure 3.1: Segmentation in depth and η of the TileCal modules in LBA (left)
and EBA (right) partitions.

In total, TileCal has 5182 cells, which corresponds to 9836 read-out channels.

The light produced in the scintillating tiles is read out on two radial sides by wave-

length shifting fibres which are bundled together in groups that form the TileCal

cells. Since most of the cells are read out by two channels, the energy of the cells

is defined as the sum of the energies obtained in each of the channels connected to

the cell. The signal collected by the photomultipliers (PMTs) is digitised each 25 ns.
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Seven samples are then used to reconstruct the amplitude, time and pedestal of the

pulse using the Optimal Filtering (OF) algorithm.

3.2.1 The Optimal Filtering Algorithm

TileCal uses the OF algorithm to reconstruct the pedestal, amplitude and phase

of the digitised signal. In this section a brief description of the method is given.

Details of the OF algorithm can be found in Refs. [47–49].

The signal produced by the TileCal electronics can by expressed by the fol-

lowing equation,

S(t) = Ag(t− τ) + p , (3.1)

where g(t) represents the pulse shape as a function of the time (t). A is the amplitude

of the signal, τ refers to the relative phase and p the pedestal level. These magnitudes

are illustrated in Fig. 3.2 and defined below.

Figure 3.2: Pulse shape with the definition of amplitude, reconstructed phase
and pedestal. The points represent the seven samples transmitted to the read-out

detector electronics.

• The pedestal is the obtained measurement in absence of particles crossing

the detector. This contains information related to the electronic noise contri-

bution. In the presence of particles crossing the TileCal cells, this quantity

represents the baseline of the expected signal pulse shape.
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• The amplitude is the distance from the pedestal to the maximum of the re-

constructed peak. The energy deposited by a particle passing through a cell

is proportional to the signal amplitude. Several constants should be applied

in order to obtain calibrated energy measurements.

• The phase is defined as the time between the peak of the pulse (τ) and the

expected time of the pulse (τ0), which is taken as the 4th sample by convention.

This reference time is calculated with calibration systems for each channel,

taking into account the time of flight of the particles from the interaction

point and the length of the wavelength shifting optical fibres.

The seven samples that are transmitted to the back-end are the inputs to

the OF method. The procedure to compute the amplitude, phase and pedestal

magnitudes with the OF algorithm is a liner combination of the samples like the

following,

A =

7∑
i=1

ai Si , (3.2)

τ =
1

A

7∑
i=1

bi Si , (3.3)

p =
1

A

7∑
i=1

ci Si , (3.4)

where Si represents the i-th digital sample, A is the amplitude, τ is the phase of

the pulse and, ai, bi and ci are weights obtained from the signal pulse shape of the

PMTs and the correlation of noise between digital samples.

The phase obtained by the OF is correlated with the reference phase (τ0)

used for the computation of the weights. If the weights are calculated for τ0 = 0,

as in Fig. 3.2, then the phase provided by the OF corresponds to our definition

of phase τ . However, if the weights have been obtained for any other phase, then

the reconstructed phase by the OF is τ + τ0. The phase reconstructed by the OF

algorithm refers to the time between the expected phase of a pulse produced by a

particle coming from the interaction point (which is the input for computing the

weights) and the actual peak of the reconstructed pulse.

3.2.2 The Optimal Filtering with Iterations

The OF results rely on having a fixed and known offset between the signal peak

and the collisions time for each TileCal read-out channel. However, signals caused
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by cosmic rays are random and asynchronous with respect to the LHC collisions,

hence the energy reconstruction will differ from the one caused by collision events.

Note that this is the case for the non-collision data used in the studies presented

here. Nevertheless, the OF algorithm can still be applied if it uses proper weights

for each randomly triggered event according to the time position of the signal. With

this purpose the OF algorithm explained above is extended to an iterative version,

which is used when the expected time of the signal is not fixed.

The OF with iterations computes the phase in three iterations. The phase

obtained in each iteration is used as the input reference time to select the proper

weights for the next iteration. The first iteration starts from weights computed at

time equal to zero. The following iterations select weights that are closer to the time

of the pulse. The OF with iterations method is defined by the following equations,

Ak =

7∑
i=1

ai
∣∣
τk−1

Si , (3.5)

τk =
1

Ak

7∑
i=1

bi
∣∣
τk−1

Si , (3.6)

pk =

7∑
i=1

ci
∣∣
τk−1

Si , (3.7)

where Si represents the i-th digital sample, k is the iteration index [0,2] with k = 0

corresponding to τ0 = 0. Finally, the set of weights (ai, bi, ci) are different from

each iteration k. They have been computed at each reference phase, τk−1. Those

are stored in the ATLAS conditions database as described in Section 3.2.3.

The OF with iterations method is implemented in the ATLAS offline software

and this is the default reconstruction algorithm of the signal measured by TileCal

cells. The OF with iterations algorithm is used to obtain the results presented in

this chapter. In the following and for sake of simplicity, the iterative method of the

OF will be simply referred to as the OF algorithm.

3.2.3 Energy Calibration

The calibrated energy reconstructed in one channel (Ech) is obtained by weighting

the amplitude of the signal by several constants as follows,

Ech = A× CADC→ pC × CpC→GeV × CCs × CLaser , (3.8)
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where A is the signal amplitude in units of Analog to Digital Converter (ADC)

counts, CADC→ pC is the conversion factor of ADC counts to charge, CpC→GeV

is the conversion factor of charge to energy in GeV, CCs is the correction factor

of non-uniformities after the gain performed by the Cesium–137 radioactive source

calibration system [50, 51] and CLaser refers to qualitative constants of the PMTs

measured in between Cs scans [52]. The calibration constants shown in Eq. 3.8 are

stored in the database for each TileCal channel, as well as the several sets of weights

(ai, bi, ci) required by the OF algorithm for different values of the expected time

of the pulse. In this way, the OF algorithm can be evaluated offline using the last

version of the calibration and weights parameters stored in this database.

3.3 The Topological Clustering Algorithm

Due to the nature of the strong interaction, the hadronic showers are formed by

many calorimeter cells and are expanded in both lateral and longitudinal directions.

Clustering algorithms are designed to group these cells and to sum up the total

deposited energy within each cluster. The algorithm used in ATLAS with this

purpose is the Topological Clustering algorithm. This algorithm starts with a seed

cell and iteratively adds to it neighbouring cells. A requirement is applied to select

cells with energy measurements incompatible with a noise fluctuation. With this

requirement, a new cell-based structure known as a topocluster is built. Topoclusters

are further used for object reconstruction algorithms in ATLAS together with other

measurements provided by the rest of the detector systems. The evaluation of

the topoclusters formed in TileCal is crucial from the point of view of jets and /ET

measurements. This section summarises the procedure of the Topological Clustering

algorithm from Ref. [53].

The basic idea of the Topological Clustering algorithm is to group neighbour-

ing cells that have enough signal compared with the expected noise. The energy

significance threshold (s) is defined as the signal to noise ratio given by,

s =
|E|
σ
, (3.9)

where |E| is the absolute value of the cell’s energy and σ is the expected noise

value for such a cell. Note that using the absolute energy ensures symmetry in

the noise spectrum. The Topological Clustering algorithm assumes that a normal

distribution describes properly the noise amplitudes of all ATLAS cells. The energy

significance threshold shown in Eq. 3.9 is measured in units of Gaussian sigmas. The
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noise parameters σ are obtained from the root mean square (RMS) of the energy

distribution for every cell in randomly triggered events. Those σ values are stored

in the database in order to be used by the Topological Clustering algorithm.

Figure 3.3: Representation of topocluster formation in the η − φ plane. First,
the seed cell (red) is expanded in all directions. If the added cells satisfy the
neighbouring threshold (orange), the topocluster includes them in a second itera-

tion. The algorithm ends by adding cells with low significance (yellow).

A representation of the procedure to form topoclusters is presented in Fig. 3.3.

The Topological Clustering algorithm starts by finding the seed cells. These should

have an energy significance above a large threshold (ss). Then, neighbouring cells

are added to the cells tagged as seeds in the first step if the energy significance

of the formers is above a low threshold (sc). Moreover, cells around a seed cell

can serve as additional seeds to further expand the cluster from them. It happens

if they satisfy an energy significance above a medium threshold (sn). Typically,

the definition of neighbouring cells includes the surrounding cells within the same

calorimeter layer. Optionally, the set of neighbouring cells can also include cells

overlapping partially in η and φ in adjacent layers and/or adjacent calorimeter

systems. Finally, the topoclusters may include bad cells if they satisfy any of the

noise thresholds described above. However, the total energy of the topocluster does

not account for the reconstructed energy in the cells labelled as bad cells. The energy

of the topocluster is then calibrated and corrected for energy deposited outside the

cluster, in dead material or bad cells as detailed in Refs. [53–55].

The default threshold values used by the Topological Clustering algorithm

are ss = 4, sn = 2 and sc = 0. This is also known as the (4,2,0) configuration. The

selection of these values is optimal to find efficiently low energy clusters. The lowest

threshold at the perimeter of the cluster ensures that the tails of the hadronic showers

are not discarded. The large ss and sn values guarantee that the measured energy
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is incompatible with a noise fluctuation. Assuming the electronic noise follows a

normal distribution, the probability of tagging noise as a seed or neighbouring cell

is below 6.3× 10−3% and 4.6% respectively [53].

3.3.1 Topocluster Moments

The total amount of energy contained in a topocluster object is obtained by summing

up the energy of all cells contained in it. This is given by the following expression,

Etopo =

N∑
i

Ei , (3.10)

where the index i runs over the N cells forming the topocluster. Note that negative

contributions enter in the definition given in Eq. 3.10. Assuming a normal distri-

bution for the electronic noise of the calorimeter, these noise contributions would

cancel on average, hence Etopo = 0. Any deviation may indicate the presence of

non-gaussian noise sources.

Apart from the total energy of a topocluster, it is also important to evaluate

its shape. This section introduces two shape-related topocluster variables calculated

from positive energy depositions. Typically, a cluster moment of a certain degree

n in an observable m, defined for a cell constituent of the cluster, is given by the

following expression,

< mn >=
1

Enorm
×

∑
i|Ei>0

Eim
n
i , where Enorm =

∑
i|Ei>0

Ei . (3.11)

In Eq. 3.11 the index i, in both sums, runs over the cells with positive energy only,

as mixing negative and positive weights could lead to unphysical behaviour. Typical

observables for first and second moments are radial and longitudinal distances from

the shower axis and the shower centre respectively. Once the shower axis ~s and the

shower centre ~c are defined, two other quantities are calculated, the radial distance

of the i-th cell from the shower axis,

ri = |(~xi − ~c)× ~s| , (3.12)

and the longitudinal distance of the i-th cell from the center along the shower axis,

λi = (~xi − ~c) · ~s . (3.13)
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The longitudinal and lateral extensions of a topocluster can be measured in

terms of the second moments in λ (< λ2 >) and r (< r2 >) using Eq. 3.11 but with

n = 2. Specifying topocluster dimensions in this way describes a spheroid with two

axes of respective lengths
√
< λ2 > and

√
< r2 >.

Figure 3.4: Schematic picture of a tau shower shape and its relevant variables,
such as the RMS of the transverse extension in r (

√
< r2 >) and the RMS of the

longitudinal extension in λ (
√
< λ2 >) from Ref. [56].

Figure 3.4 shows the schematic picture of a tau shower and its related longi-

tudinal and transversal moments. In the following sections, the second moment in

λ and the normalised second moment in r will be evaluated for different topocluster

configurations. The normalised second moment in r is given by,

< r2 >

< r2
core >

, (3.14)

where < r2
core > is computed by the two most energetic cells in the topocluster using

a fixed value of r = 40 mm in Eq. 3.11, as described in Section A.2. For sake of

simplicity, the normalised second moment in r will be referred to as < r2 > in the

rest of the chapter.

3.3.2 Performance of the Topocluster Moments

This section summarises a set of comparative performance studies on the Topological

Clustering algorithm using different significance threshold values: ss, sn, and sc, as
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defined in Section 3.3. In total, there are 18 configurations of topoclusters analysed,

which are classified into four groups. These groups are listed in Tab. 3.2. The

complete set of distributions is presented in Appendix A.

ss = 4 ss = 4.5 ss = 5 sn = 2

(4, 1.5, 0) (4.5, 1.5, 0) (5, 1.5, 0) (3, 2, 0)

(4, 2, 0) (4.5, 2, 0) (5, 2, 0) (3.5, 2, 0)

(4, 2.5, 0) (4.5, 2.5, 0) (5, 2.5, 0) (4, 2, 0)

(4, 3, 0) (4.5, 3 ,0) (5, 3, 0) (4.5, 2, 0)

(4, 2, 0.5) (5, 2, 0)

(4, 2, 1) (5.5, 2, 0)

(6, 2, 0)

Table 3.2: Topocluster configurations used for studies presented in Appendix A.
The results in Chapter 3 are focussed on the performance of the first column.

Figure 3.5: Topocluster multiplicity for different configurations (ss,sn,sc) using
randomly triggered events collected by the ATLAS detector during 2008. Distri-
butions have been normalised to the number of topoclusters obtained with the

nominal (4,2,0) Topological Clustering configuration.

The effect on the topocluster multiplicity due to selecting different threshold

values as inputs for the Topological Clustering algorithm is shown in Fig. 3.5. The

top plot maintains fixed significance for the seed cells ss = 4 while the bottom

distribution compares different configurations with sn = 2 and sc = 0. The ss value

has significantly higher impact on the topocluster multiplicity, as expected.

Moreover, it is observed that the currently used sn = 2 and sc = 0 thresholds

provide the minimum number of formed topoclusters in each configuration group.

In this light, the following studies evaluate several topocluster configurations fixing

sn = 2 and sc = 0. The results will focus on the comparative performance using
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different ss values. Table 3.3 summarises the number of formed topoclusters from

Fig. 3.5 and the mean energy per topocluster. The results show a tendency to higher

positive mean energy values as ss increases.

Figure 3.6 shows the second moment in r and λ spectrums obtained from

randomly triggered events collected by ATLAS during 2008. These results point to

the presence of two contributions of the noise which form two sets of topoclusters,

• small sized topoclusters:
√
< r2 > ∈ [0, 0.2] or

√
< λ2 > ∈ [0, 400] mm,

• large sized topoclusters:
√
< r2 > ∈ [0.2, 1.4] or

√
< λ2 > ∈ [400, 1200] mm.

Figure 3.6: Squared root of the normalised second moment in r (left) and second
moment in λ (right) for different values of the ss significance threshold. The data
correspond to randomly triggered events collected by the ATLAS detector during

2008. Distributions have been normalised to unity for comparison.

The same trends are obtained in the 2008 data as well as in the initial 2009

data collected by the ATLAS detector under the same conditions. The Topological

Clustering configuration (4,2,0) is applied for both data years in the topoclusters

moments shown in Fig. 3.7. The contribution from large topoclusters in 2009 data

sample is ∼ 10% higher than in 2008 data (see Tab. 3.4). Hence, we refute the

hypothesis that this is a spurious effect in the TileCal during 2008 since this be-

haviour is observed for both data periods. Additional investigations on this effect

are collected in Appendix A. These results clearly show that the energy contribution

from TileCal is dominant in large topoclusters.
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Configuration Ntopo E (MeV) ET (MeV)

(3, 2, 0) >150 15.8 8.03

(3.5, 2, 0) 140.28 27.9 14.7

(4, 2, 0) 42.57 51.7 27.8

(4.5, 2, 0) 16.12 75.3 42.4

(5, 2, 0) 7.77 92.8 52.3

(5.5, 2, 0) 4.30 102 59.0

(6, 2, 0) 2.54 112 65.0

Table 3.3: Multiplicity, mean of the energy and transverse energy of topoclus-
ters formed with different configurations: (ss, 2, 0), where ss ranges from 3 to 6
in steps of 0.5. The data correspond to randomly triggered events collected by

the ATLAS detector during 2008.

Figure 3.7: Second moment in λ (left) and normalised second moment in r
(right) for reconstructed topoclusters with the Topological Clustering algorithm
using the (4,2,0) configuration. Data collected by ATLAS in 2008 (green) and

2009 (pink) periods normalised to unity are compared.

Due to the stochastic nature of hadronic showers in randomly triggered events

we mainly expect small topoclusters. However, Figs. 3.6 and Fig. 3.7 show a notice-

able contribution of large topoclusters in all studied configurations and for several

data periods. Large topoclusters can be affected by,

• cells which concentrate a large fraction of the total energy (so-called hot spots),

• source of coherent noise affecting an extended area in the detector (e.g. elec-

tronic cross-talk effects).
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Figure 3.8: Normalised second moment in r (left) and second moment in λ
(right) as a function of energy from reconstructed topoclusters in randomly trig-

gered events in data (red) and simulation (blue).

The two dimensional correlation of the topocluster shape-related parameters

as a function of the topocluster energy is shown in Fig. 3.8. These distributions com-

pare randomly triggered data events collected by ATLAS during 2008 with W → `ν

simulated process.

The large topoclusters obtained using collected data are not observed in the

MC sample. Hence, there is a noticeable effect in the Topological Clustering al-

gorithm which is not taken into account in the simulation. The presence of large

topoclusters observed in data for different ss threshold values motivate to evaluate

the modelling of the cell noise in TileCal. A more reliable description on the noise

using a two-Gaussian model is described in Section 3.4 following Ref. [57]. The bene-

fits on the topoclusters performance and /ET measurement from the introduction of

the two-Gaussian model are presented in Section 3.5.

3.4 Description of the TileCal Noise

TileCal noise constants are measured and kept up to date because the noise is

the input to the algorithm reconstructing topoclusters, as described in Section 3.3.

The Topological Clustering algorithm assumes that a normal distribution describes

properly the noise contribution of the cells. However, the results on the perfor-

mance of the Topological Clustering algorithm using topocluster moments shown in

Section 3.3.2 clearly illustrate that TileCal noise is not properly described with the

single Gaussian approach.
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The measured noise contribution in a channel extrapolated from topocluster

results can be considered as a linear combination of an intrinsic term (electronic

noise) and a correlation term (coherent noise). The latter may be caused by cross-

talk effects between channels situated in the same motherboard as described in

Section 2.3.2.2. The relation of the topocluster features with the energy treatment

of the TileCal noise motivates the evaluation of the noise description at the cell

level. These investigations are based on the development of a new model to improve

the noise description in the detector. This section describes the treatment of the

dominant and intrinsic electronic noise in the TileCal, as well as the introduction of

the two-Gaussian method [57].

3.4.1 The TileCal Electronic Noise

Electronic noise in TileCal is derived from standalone runs with absence of signal

from the PMTs or injected calibration charge. These are called pedestal runs and

are used to compute two sets of noise constants: Digital Noise computed for each

channel and measured in ADC counts, and Cell Noise constants corresponding to

the noise of each calorimeter cell and gain combination, measured in MeV. All these

constants are stored in the database. Digital Noise constants are calculated before

energy is reconstructed by the OF algorithm. Cell Noise constants are calculated

after reconstruction. Problematic channels are masked in this process; for these the

noise is read out but never used. These noise constants have a direct impact on the

energy reconstruction in each channel and on a number of physics observables.

The Cell Noise is used as an input to the Topological Clustering algorithm.

The σ values in Eq. 3.9 were obtained by fitting a Gaussian distribution function

to the energy distribution of the events in several pedestal runs. If the energy

distribution were Gaussian RMS/σ = 1, however, the results obtained show that

this ratio is larger. Due to this behaviour, using the width of a normal distribution

to define seed cells degrades the performance of the topoclustering algorithm in the

low η region. Figure 3.9 illustrates the non-Gaussian nature of the TileCal cell

noise. The plot shows the energy distribution of a typical TileCal cell for randomly

triggered events collected in 2008. The OF algorithm is used to reconstruct the

energy of the two channels forming the cell, being the energy of the cell the average.

A free parameter fit to a Gaussian distribution is overlaid. Strong deviations from

the Gaussian assumption are visible in the tails of the distribution, the relevant

region for the Topological Clustering algorithm.



72 Chapter 3. Description and Performance of the TileCal Noise

Figure 3.9: Reconstructed energy (in pC) of a typical cell for randomly trig-
gered events collected by the ATLAS detector during 2008 from Ref. [57]. The

distribution is fitted with a Gaussian function represented by the red line.

The shape of the reconstructed amplitude of a cell in randomly triggered

events provides tails in the distribution as seen in Fig. 3.9. To improve the TileCal

performance, a new approach for the noise description was developed.

3.4.2 Two-Gaussian Description of the TileCal Noise

In early tests during the ATLAS test beam the electronic noise was described by a

single Gaussian. When the TileCal was installed in the ATLAS cavern and connected

to the Low Voltage Power Supplies (LVPS) the noise increased significantly. In light

of these features, a new noise modelling was needed to provide an accurate energy.

A two-Gaussian function with three independent parameters was adopted in the

spring of 2009. This will be referred to as two-Gaussian method in the following.

The general two-Gaussian probability density function (pdf) is given by the

following equation,

f2g pdf =
1

1 +R

(
1√

2π σ1

e
− (x−µ1)2

2σ21 +
R√

2π σ2

e
− (x−µ2)2

2σ22

)
. (3.15)

Here, σ1 and σ2 are the sigmas of the two Gaussians and R is their relative nor-

malisation. The mean values of the distributions µ1 and µ2 are constrained to
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µ1 = µ2 = 0. This is a good approximation for TileCal cells and allows efficient

storage in the database.

The result of a fit to the energy distribution of a typical TileCal cell with a

two-Gaussian function is illustrated in Fig. 3.10. The parameters µ1 and µ2 are left

as free parameters to better illustrate their typical values. They are represented by

G1µ and G2µ respectively, which are small and can be approximated by 0. The

parameters G1σ and G2σ corresponds to σ1 and σ2 in Eq. 3.15.

The comparison in Fig. 3.10 clearly shows that the two-Gaussian approach

is more accurate in modelling the noise shape of the TileCal cells. As input to the

Topological Clustering algorithm an equivalent sigma σeq(E) is introduced. This is

defined to give the same significance as the one σ region for a Gaussian pdf (e.g.∫ σeq
−σeq f1g pdf = 0.68). The σeq(E) is introduced to measure the E/σeq of the two-

Gaussian pdf in units of σ of a normal distribution, with the purpose of comparing

the performance of both pdfs’ descriptions.

The equivalent significance for an energy deposition (E) and a two-Gaussian

pdf can be expressed as,

E

σeq(E)
=
√

2 erf−1

σ1erf
(

E√
2σ1

)
+ Rσ2 erf

(
E√
2σ2

)
σ1 + Rσ2

 , (3.16)

where erf is the error function. 1

One advantage of this definition of σeq is that there is a common unit for noise

description for TileCal and LAr cells, so that the topological clustering algorithm is

able to cluster cells in both calorimeters. These advantages are detailed in Ref. [57].

The input to the Topological Clustering algorithm is the σeq parameter in Eq. 3.16.

Figure 3.11 illustrates the improvement in the estimation of the E/σ using randomly

triggered events when the two-Gaussian template is used and the noise is expressed

in terms of the σeq width.

3.5 Performance of the two-Gaussian Description

The benefit of using the two-Gaussian description in estimating the noise compatibi-

lity of energy deposits can be illustrated through the improvement of the perfor-

mance of the topoclusters created in TileCal. The more accurate description of the

TileCal noise using the two-Gaussian description has to be reflected in the reduction

1erf(x) = 2√
π

∫ x
0 e−t

2
dt
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Figure 3.10: Reconstructed amplitude distribution of a typical cell for randomly
triggered events collected by the ATLAS detector during 2008, from Ref. [57].
The two-Gaussian fit is shown in red. The blue and the green functions are its

first and second Gaussian components respectively.

of the number of topoclusters and their size compared to the previous noise treat-

ment using the single Gaussian approach. Furthermore, this improvement should

be also observed by studying the TileCal contribution to the /ET measurement. The

aim of this section is to evaluate effects on the topoclusters formation when the

two-Gaussian approach is applied instead of the one-Gaussian parametrisation.

Figure 3.12 shows the number of topoclusters formed using the nominal

(4,2,0) Topological Clustering algorithm configuration for both one-Gaussian and

two-Gaussian noise descriptions. These distributions are obtained for different runs

collected by the ATLAS detector during 2008 and 2009 with randomly triggered

events. The mean number of topoclusters formed with the two-Gaussian descrip-

tion for the TileCal noise is reduced by over a factor of two compared with the

one-Gaussian model. Moreover, a reduction in the width of the topocluster mul-

tiplicity is observed. The two-Gaussian description of the TileCal noise limits the

formation of topoclusters by using a larger noise constant σeq, as described in Sec-

tion 3.4.1.

Figure 3.13 compares the second moment in r and λ of the topoclusters ob-

tained for both TileCal noise descriptions on two runs used previously and a new
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Figure 3.11: The energy deposited in TileCal cells divided by the noise cons-
tant stored in the database for different noise description models using randomly
triggered events collected by the ATLAS detector during September 2008, from
Ref. [57]. The black points correspond to the expected distribution for ideal
one-Gaussian TileCal noise. The red and blue triangles are the measured E/σeq
values from data using one- and two-Gaussian descriptions respectively. The dis-
tribution obtained with two-Gaussian approach is fitted with a Gaussian function

represented by the black line.

sample with the two-Gaussian method applied. The existence of large topoclusters

is highly reduced when the two-Gaussian approach is required in the computation of

the TileCal noise constants. In order to evaluate this improvement, the ratio of the

number of large over small topoclusters (NLarge/NSmall) comparing different TileCal

noise descriptions is studied. The values are quoted in Table 3.4. The presence of

large topoclusters using the two-Gaussian approach for the TileCal noise is reduced

by almost a factor 10 with respect to the one-Gaussian treatment.

3.5.1 Noise Effects on Missing Transverse Momentum

The missing transverse momentum is a fundamental quantity which relies on the

energy measured in the topoclusters (see Chapter 4). The E/σ thresholds used to

construct topoclusters, as wells as the approach for describing the noise in TileCal,
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Figure 3.12: The topocluster multiplicity using the one-Gaussian (black and
blue lines) and two-Gaussian (red, pink and green lines) descriptions for the
TileCal noise using randomly triggered events collected by the ATLAS detector
during 2008 and 2009. The legend shows the run number of each data sample.

The distributions are normalised to unity.

Figure 3.13: Second moment in λ (left) and normalised second moment in r
(right) for different noise reconstructions using data recorded by the ATLAS
detector during 2008 and 2009 years with a randomly trigger selection. The two-
Gaussian noise description (red line) reduces the contribution of large topoclus-
ters with respect to the one-Gaussian approach (blue and black lines). The

number of counts are normalised to unity.
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Run Number Year Data Type Noise Treatment NLarge/NSmall

91890 2008 random trigger one-Gaussian 0.26

121513 2009 random trigger one-Gaussian 0.34

137909 2009 random trigger two-Gaussian 0.046

Table 3.4: Several randomly triggered ATLAS samples using one-Gaussian or
two-Gaussian descriptions are listed. The contribution of large topoclusters is
evaluated through the ratio values shown in the last column (NLarge/NSmall). The
reduction in the formation of large topoclusters is almost an order of magnitude

when applying the two-Gaussian method.

have a direct impact on the performance of this measurement. In order to inves-

tigate the effects of the TileCal noise, the negative vectorial sum of the transverse

energy from all topoclusters in an event is evaluated under different scenarios. This

magnitude will be referred to as MET in the following and is computed as,

MET =

√√√√√− N∑
i

ET,x(i)

2

+

− N∑
i

ET,y(i)

2

, (3.17)

where the index i runs over the total number of topoclusters (N) per event. ET,x

and ET,y represent the longitudinal (x) and perpendicular (y) components of the

ET vector respectively.

Figure 3.14: MET spectrum from randomly triggered events collected by the
ATLAS detector during 2008 using different Topological Clustering algorithm
configurations. The one-Gaussian approach is considered in the noise description.
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The MET quantity is positive defined, as explicitly shown in Fig. 3.14. This

distribution illustrates the dependence of the MET spectrum with respect to different

Topological Clustering algorithm configurations. The width and tails observed in

the MET distributions, computed as defined in Eq. 3.17, are directly correlated with

the threshold value used in the definition of the seed cell in the Topological Cluster-

ing algorithm. In light of this, the MET measurement may depend on the selected

TileCal noise description approach. To evaluate the impact of the two-Gaussian ap-

proach in the MET performance the nominal Topological Clustering configuration

(4,2,0) is selected as a baseline.

Figure 3.15 compares the MET spectrums using both one-Gaussian and two-

Gaussian methods to obtain the noise constants. In general, the datasets processed

with the two-Gaussian approach present less tails than the cases using the one-

Gaussian description. The differences are also noticeable at the level of 1 GeV con-

sidering the reconstructed peak for each method. There is an improvement in the

resolution of the MET that can be evaluated by comparing the width of the spec-

trums in the different cases. Table 3.5 quotes the RMS values of the MET spectrums

extracted from Fig. 3.15. Note that the run 91890 has been reprocessed using the

two-Gaussian approach for direct comparison with the one-Gaussian. These results

point to a reduction of 33-50% in the width of the MET distribution when the

two-Gaussian approach is used with respect to the one-Gaussian.

Figure 3.15: MET spectrum using both one-Gaussian and two-Gaussian models
for the noise in TileCal. The data samples correspond to randomly triggered
events collected by the ATLAS detector during 2008 and 2009. In the legend
shows the run number and the noise description for each data sample. The

distributions are normalised to unity for comparison.
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Run Year Data Type Noise Treatment RMS [MeV]

91890 2008 randomly trigger one-Gaussian 899

91890(R) 2008 randomly trigger two-Gaussians 632

121513 July 2009 randomly trigger one-Gaussian 798

137909 Nov. 2009 randomly trigger two-Gaussians 380

140535 Nov. 2009 randomly trigger + 1 beam two-Gaussians 420

Table 3.5: RMS of the MET distributions obtained using randomly triggered
events from non collision runs collected by the ATLAS detector during 2008 and
2009. The run 91890(R) refers to the re-process procedure apply to this sample

with the TileCal noise constants obtained from the two-Gaussian method.

In order to study the effect of the two-Gaussian approach for TileCal noise des-

cription in the tails of the MET distributions, the following investigations consider

randomly triggered events satisfying MET > 3 GeV and |ET | > 0.5 GeV. These

selected events will provide information related to the topocluster characteristics

that form the tails observed in the MET distributions in Fig. 3.15. Figure 3.16 shows

the second moment in λ for topoclusters satisfying the above energetic requirements

when the one-Gaussian method is used. The results show that the high values

of MET in randomly triggered events are mostly produced by large topoclusters

(
√
< λ2 > > 400 mm). The contribution of the tails in the MET distribution is up

to 15%. Hence any reduction of large topoclusters will reduce the MET tails.

Figure 3.16: Second moment in λ using topoclusters satisfying the requirements
in MET > 3 GeV and |ET | > 0.5 GeV. The randomly triggered events were
collected by the ATLAS detector during 2009 using the one-Gaussian description

for the TileCal noise constants (run 121513).
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Figure 3.17 shows the noise occupancy in the η − φ plane of topoclusters

with different energy thresholds. This distribution is expected to be homogeneous

since the data sample corresponds to randomly triggered events collected by the

ATLAS detector during 2009. However, there is a large contribution of low energetic

topoclusters mainly localised in TileCal at |η| < 1.6 and φ ∼ 2.5 rad.

Figure 3.17: Noise occupancy in the η−φ plane for topoclusters with different
energy thresholds. Low energetic topoclusters are mainly localised at |η| < 1.6
and φ ∼ 2.5 rad. The randomly triggered events were collected by the ATLAS
detector during 2009 using the one-Gaussian description for the TileCal noise

constants (run 121513).

Figure 3.18 shows the noise occupancy in the x−y plane of large topoclusters

located in |η| < 1.6 TileCal region and those topoclusters producing the observed

MET tails. This plot shows a high occupancy of large topoclusters in a TileCal region

around the point (x, y) = (0.0, 3.0) m. Half of the events illustrated in Fig. 3.18

contain topoclusters located in this region. This affects the computation of the

MET since the presence of large energetic topoclusters unbalances the measurement

of the MET quantity thereby creating the observed long tails. The identification

of this anomaly in the TileCal performance requires that action be taken for the

affected cells. These actions go from trying to recover the problematic channels to

label them as bad channels in the database.
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Figure 3.18: Noise occupancy in the x−y plane of large topoclusters in TileCal
region |η| < 1.6 (red) and those satisfying the requirements in MET > 3 GeV
and |ET | > 0.5 GeV (blue). Large topoclusters are mainly produced around the
region (x, y) = (0.0, 3.0) m. The randomly triggered events were collected by the
ATLAS detector during 2009 using the one-Gaussian description for the TileCal

noise constants (run 121513).

Run
Noise Total Events with Contribution
description events MET > 3 GeV of MET tails

121513 one-Gaussian 6060 966 16%

137909 two-Gaussians 109927 136 0.1%

Table 3.6: Contribution of the MET tails observed in Fig. 3.15 for randomly
triggered events from non collision runs collected by the ATLAS detector during
2008 and 2009. The last column quotes the fraction of events with MET > 3 GeV

over the total number of processed events for each collection of data.

The introduction of the two-Gaussian approach for the derivation of the

TileCal noise constants allows to reduce the formation of large topoclusters by

almost a factor 10, as shown in Tab. 3.4. Moreover, this procedure relies on an

improvement on the MET resolution up to a factor 2, as quoted in Tab. 3.5. The

benefit of identifying the region with large topoclusters forming the MET tails can

be quantified by comparing the contribution of large topoclusters in the high MET

region. Table 3.6 quotes the high reduction in the MET tails formation comparing
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randomly triggered events for two data collections. The two-Gaussian approach and

the treatment of the hot spots in TileCal leads to a reduction of the MET tails from

16% to 0.1%.

Finally, Fig. 3.19 illustrates the noise occupancy of the topoclusters satisfy-

ing the requirements on MET > 3 GeV and |ET | > 0.5 GeV after considering the

two-Gaussian approach for the TileCal noise constants derivation and after the con-

siderations taken over the highly populated area shown in Fig. 3.18. The occupancy

is more homogeneous, as expected for randomly triggered events.

Figure 3.19: Noise occupancy in the x − y plane for topoclusters satisfying
MET > 3 GeV and |ET | > 0.5 GeV. The randomly triggered events were
collected by the ATLAS detector during 2009 using the two-Gaussian description
for the TileCal noise constants (run 137909). The region covered by the TileCal

and the EM detectors is coloured in pink and purple respectively.

3.6 Conclusions

The reconstruction of the cell energy and time in the TileCal detector is provided

by the OF algorithm. The determination of the cell noise is crucial for the object

reconstruction algorithms since they rely on these noise values for discriminating the

signal. The impact of the TileCal noise constants stored in the ATLAS conditions

database has been evaluated through the objects formed by the Topological Clus-

tering algorithm. The results from the topocluster performance allow to identify

anomalies in the TileCal noise description using randomly triggered events. The
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more accurate description of the TileCal noise constants made by the two-Gaussian

method, as well as the treatment of localised hot spots result in a direct benefit

the performance of the topoclusters and the MET measurement. The comparison

of the topocluster moments using the two-Gaussian method is crucial to validate

the two-Gaussian approach. The results show better MET resolution and a reduced

population in the high MET region using randomly triggered events collected by the

ATLAS detector during 2008 and 2009.

Other important contribution to the cell noise is the effect from simultaneous

proton-proton interactions in the same bunch-crossing. A more reliable TileCal noise

description with increasing pile-up conditions is described in Ref. [58]. Finally, a

complete study on the performance of the Topological Clustering algorithm in the

ATLAS calorimeters during LHC Run I can be found in Ref. [54].





Chapter 4

Missing Transverse

Momentum in ATLAS

4.1 Introduction

The missing transverse momentum is a fundamental quantity to reconstruct physics

processes produced at hadron colliders. Some particles, such as neutrinos or new

stable weakly-interacting particles, traverse matter with a negligible probability of

interaction. Hence, no direct evidence of them can be measured in a general purpose

detector. However, the total momenta in the perpendicular plane to the beam axis

has to be conserved, so any transverse momentum imbalance may signal the presence

of such undetectable particles. In this light, the missing transverse momentum in

ATLAS is defined as the negative vector sum of the transverse energy measured

from all detected particles in an event. The symbol /ET will be used in the following

to represent the magnitude of this vector.

An optimised reconstruction and calibration of the /ET is crucial in any search

involving processes with low interacting particles in the final state. This is the case

of the H→WW (∗)→ `ν`ν analysis described due to the presence of two neutrinos.

Because of the complexity of measuring undetectable particles, this task represents

one of the main challenges in collider experiments. Limited detector coverage and

resolution, non-instrumented regions, as well as cosmic rays and beam-halo particles

crossing the detector, can affect the /ET reconstruction.
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The most important sources affecting the /ET measurement in ATLAS are,

• Pile-up. Additional proton-proton collisions superimposed to the hard scatte-

ring process may originate particles which deposit energy in the detector.

These extra energetic contributions will enter in the /ET computation, affecting

significantly the genuine measurement. The high pile-up environment suffered

during 2012 at the LHC motived different investigations to reduce this effect

in the /ET reconstruction.

• Efficiency of ATLAS calorimeters. The capability to discriminate noise

from signal when reconstructing the energy at the cell level is directly propa-

gated to the high-pT objects tagged as leptons, photons, jets... As extensively

reported in Chapter 3, the two-Gaussian approach for extracting the TileCal

noise constants is validated through topoclusters’ quantities. Topoclusters are

used as inputs in the /ET computation, hence the calorimeter noise description

significantly affects the /ET measurement, as discussed in Section 3.5.1.

This chapter provides a full overview on the /ET performance in terms of

data/MC comparisons, resolution, response and tails of several /ET measurements

computed under different approaches. Section 4.2 defines three different algorithms

for reconstructing the /ET magnitude in ATLAS. Characteristics and information of

the data and simulated samples analysed in this chapter are detailed in Section 4.3.

For all three /ET definitions, the quality of data and simulation agreement is re-

ported in Section 4.4. Section 4.5 presents the investigations developed to quantify

the performance as well as comparisons between the different /ET measurements in

Z → `` and H→WW (∗)→ `ν`ν processes. Finally, the treatment for obtaining the

systematic uncertainties of the /ET measurement is described in Section 4.6.

4.2 Missing Transverse Momentum Reconstruction

This section presents three different algorithms developed in ATLAS for reconstruc-

ting the /ET magnitude. These are differentiated by which part of the detector

provides the energetic measurements that enter in each calculation. There are two

different approaches to obtain the /ET measurement.

Calorimeter-based /ET definitions make use of the energy reconstructed by the

calorimeters. The first definition is described in Section 4.2.1 and will referred as

Emiss
T in the following. Due to the increase in the average of interactions per bunch

crossing during 2012 data taking conditions, a correction was developed to minimise
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the impact from pile-up in the Emiss
T measurement. This pile-up suppression tech-

nique relies on track information and is applied to several Emiss
T terms as described

in Section 4.2.2. This correction defines the pile-up suppressed calorimeter-based

measurement, known as Emiss, STVF
T .

The /ET computation described in Section 4.2.3 uses as input the trans-

verse momentum of the tracks produced by charged-particles traversing the ID

system. This measurement efficiently suppresses pile-up contributions since only

tracks associated to the hard scattering process are selected. The symbol Emiss,track
T

will be used in the following for referring to this track-based measurement.

4.2.1 Calorimeter-Based /ET : Emiss
T

The Emiss
T magnitude is reconstructed from energetic deposits in the calorimeters

and muons reconstructed in the MS [59, 60]. These energetic deposits are associ-

ated with a reconstructed and identified high-pT parent object in the following order:

electrons (e), photons (γ), taus (τ), high-pT jets (jets), and muons (µ). Remaining

energetic contributions, not associated to any such objects, are also considered in

the Emiss
T calculation through the so-called soft-term. This term includes energetic

measurements from topoclusters reconstructed by the Topological Clustering algo-

rithm with (4, 2, 0) configuration, as described in Section 3.3. The selection criteria

applied to each high-pT object identification is detailed in Appendix B. All these

contributions are accounted for in separated non-overlapped terms to compute the

x− and y−components of the Emiss
T as follows,

Emiss
x(y) = Emiss, e

x(y) + Emiss, γ
x(y) + Emiss, τ

x(y) + Emiss, jets
x(y) + Emiss, SoftTerm

x(y) + Emiss, µ
x(y) , (4.1)

where each term is calculated from the negative sum of the reconstructed energy of

the objects, projected onto the x and y directions.

The Emiss
T magnitude and its azimuthal coordinate (φmiss) are then defined

by the following expressions,

Emiss
T =

√(
Emiss
x

)2

+
(
Emiss
y

)2

, (4.2)

φmiss = arctan
(
Emiss
y , Emiss

x

)
. (4.3)
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4.2.2 Emiss
T with Pile-up Suppression: Emiss, STVF

T

Some of the terms in Eq. 4.1 have a proper pile-up suppression technique applied

already which is included at the reconstruction level for such objects. However, the

soft- and jet-term specially suffer from pile-up. Tracks provide an excellent method

to mitigate this effect. This approach relies on vertices information for subtracting

pile-up contributions in the soft- and jet-term [61, 62].

Tracks can be associated with the hard scattering process through the main

reconstructed vertex, so-called primary vertex (PV). In ATLAS, the PV is defined

by the maximum sum of the transverse momenta of tracks (ptrack
T ) emerging from

the vertex,
PV∑

tracks

(
ptrack

T

)2

= max . (4.4)

In general for /ET reconstruction, energetic contributions not associated with

the PV can be safely interpreted as originating from one of the additional pile-up

interactions, so they can be completely excluded. Pile-up suppression in the Emiss
T

definition is then achieved by scaling the soft-term with the pile-up contribution in

each event, and by correcting the jet-term in order to reject jets produced by extra

interactions. The soft-term vertex-fraction (STVF) is a weight factor computed as

the fraction of scalar sum of ptrack
T for tracks associated with the PV relative to the

total scalar sum of ptrack
T including pile-up interactions,

STVF =

PV∑
SoftTerm

ptrack
T

All∑
SoftTerm

ptrack
T

, (4.5)

with STVF being 0 ≤ STVF ≤ 1. The sums in Eq. 4.5 are taken over the tracks

unmatched to high-pT physics objects in the other Emiss
T terms and tracks in the

numerator have to satisfy association criterion with the PV. This track selection

criteria used to compute the STVF factor is detailed in Appendix B, Section B.2.

This pile-up correction is then applied by scaling the soft-term in Eq. 4.1 by the

STVF factor,

Emiss, SoftTerm
T, STVF = STVF · Emiss, SoftTerm

T . (4.6)

The second pile-up correction concerns jets used to compute the jet-term.

This correction relies on identification of jets originated in the hard scattering pro-

cess, through the use of tracking and vertexing information. By combining tracks
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and their primary vertices with calorimeter jets it is possible to define a discrimi-

nant, known as jet vertex fraction (JVF) which measures the probability that a jet

was originated from the PV. The JVF is very similar to the STVF correction shown

in Eq. 4.5, but now applied to tracks associated with a jet,

JVF =

PV∑
jet

ptrack
T

All∑
jet

ptrack
T

. (4.7)

The JVF quantity is assigned jet by jet although it is limited and can not always be

computed. The JVF only can be calculated for jets well within the ID acceptance

(|ηjet| < 2.4), and with associated tracks to the vertices. The pile-up suppression

of the jet-term requires jets with 20 < pjet
T < 50 GeV in the ID volume to satisfy

the JVF> 0 criteria. If the condition on the JVF is not satisfied, their signals

are completely excluded from the jet-term. This filter efficiently selects soft pT-jets

coming from the PV, while still provides rejection of jets produced by pile-up vertices

(JVF = 0). Jets with larger pT, or those for which the JVF can not be computed,

will always be inputs to the jet-term. The new jet-term considering the JVF filter

described above is denoted as Emiss, jets
T, JVF .

The components of the calorimeter-based /ET with pile-up suppression com-

ponents (Emiss, STVF
x(y) ) have the same form as in Eq. 4.1,

Emiss, STVF
x(y) = Emiss, e

x(y) +Emiss, γ
x(y) +Emiss, τ

x(y) + Emiss, jets
x(y),JVF + Emiss,SoftTerm

x(y),STVF +Emiss, µ
x(y) ,

(4.8)

except that now the two highlighted contributions refer to the pile-up suppressed

terms discussed above. In this calculation with pile-up mitigated terms not only the

magnitude is corrected,

Emiss, STVF
T =

√(
Emiss, STVF
x

)2

+
(
Emiss, STVF
y

)2

, (4.9)

but also its direction,

φmiss, STVF = arctan
(
Emiss, STVF
y , Emiss, STVF

x

)
. (4.10)
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4.2.3 Track-Based /ET : Emiss,track
T

This section describes a method to estimate the /ET differently to the calorimeter-

based Emiss
T and Emiss, STVF

T approaches presented in Section 4.2.1 and 4.2.2, respec-

tively. This new algorithm only relies on reconstructed tracks in the ID to compute

the transverse momentum imbalance in the event [63, 64]. The main advantage of

using tracks relies on the selection of the PV, which provides a powerful discrimina-

tion against pile-up contributions. However, this approach is also limited due to the

characteristics of the ATLAS tracker system compared with the calorimeters. Only

charged-particle information can be used in the Emiss,track
T reconstruction, since neu-

tral particles are not measured in the ID. Moreover, the geometrical coverage of the

ID (|η| < 2.4) is smaller than the calorimeters (|η| < 4.9).

The track-based /ET variable is computed as the vector sum of the recons-

tructed momentum of the tracks measured with the ID. The nominal x- and y-

components of the Emiss,track
T are calculated as in the following expression,

Emiss, track
x(y) = −

PV∑
tracks

ptrack
x(y) , (4.11)

where the tracks refer to those satisfying the full selection criteria described in

Appendix B, and having an association with the PV (see Section B.3 for details).

Finally, the track-based magnitude and its direction are obtained as follows,

Emiss,track
T =

√(
Emiss, track
x

)2

+
(
Emiss, track
y

)2

. (4.12)

φmiss, track = arctan
(
Emiss, track
y , Emiss, track

x

)
. (4.13)

The Emiss,track
T can be considered as complementary to the previous calorime-

ter-based quantities. The Emiss
T will provide an overestimated measurement in

events with high pile-up since all interactions are grouped together in the calcu-

lation. Conversely, the Emiss,track
T can be mis-measured in some event topologies

because the presence of neutral particles or particles within |η| > 2.4. This com-

plementarity benefits the isolation of a process of interest with genuine /ET from

other contributions without genuine /ET , specially under high pile-up conditions.

This is the strategy of the H→WW (∗)→ `ν`ν analysis described in Chapter 5. The

H→WW (∗)→ `ν`ν criterion use combined requirements on Emiss
T and Emiss,track

T to

further suppress Z decay events, which form the dominant background of the search.
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4.2.4 /ET Related Variables

This section defines two quantities related to the /ET . First, the scalar sum of the

total transverse energy measured by the ATLAS calorimetric system is presented.

This will be used to evaluate the performance of the different /ET approaches. The

other /ET -related quantity is very useful to suppress Z → ee and Z → µµ processes.

This variable relies on the proximity of the /ET with high-pT particles in the final

state.

4.2.4.1 Total Transverse Energy in the Calorimeters

The total transverse energy in the calorimeters (
∑
ET) is an important quantity to

parametrise the /ET performance. This quantity is defined as the scalar sum of the

transverse energy of the contributions entering in the /ET computation. According

to the Emiss
T , the

∑
ET is given by the following expression,

∑
ET =

∑
EeT +

∑
EγT +

∑
EτT +

∑
Ejet

T +
∑

ESoftTerm
T . (4.14)

Note that muons do not appear in Eq. 4.14 because their momenta are measured

from MS and ID reconstructed tracks. The resolution on calorimeter objects is much

different from ones obtained with tracks, which motivates this omission. The
∑
ET

measurement is sensitive to both, the number of energetic depositions included in

the calculation and their reconstructed ET, so this quantity describes the hardness

of the event.

4.2.4.2 /ET Relative to the Closest Lepton or Jet

Events with mis-measured energies of leptons or jets will reconstruct the /ET poorly.

In such cases, the /ET will most likely point in the direction of the mis-measured ob-

ject. Aiming to reduce the rate of processes that arise from these mis-measurements,

a correction is introduced on the /ET magnitude. The new quantity is built projecting

the nominal /ET in the direction of the closest jet or lepton ( /ET,Rel ). Accordingly to

the Emiss
T definition, the relative Emiss

T magnitude (Emiss
T,Rel) is computed as follows,

Emiss
T,Rel =


Emiss

T , if ∆φ > π/2

,

Emiss
T × sin ∆φ, if ∆φ < π/2
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where ∆φ refers to the minimum angle between the Emiss
T direction and the nearest

lepton or jet (obj): ∆φ = min(|φmiss − φobj|). In the same way, this projection can

be applied to the Emiss, STVF
T and Emiss,track

T definitions. Those will be represented

by the symbols Emiss,STVF
T,Rel and Emiss,track

T,Rel , respectively.

Figure 4.1 shows the Emiss
T and Emiss

T,Rel spectrums obtained from data and

simulation in Z → µµ events. This comparison illustrates the benefit of using Emiss
T,Rel

instead of Emiss
T to further suppress processes without genuine /ET . The number of

events located at Emiss
T < 20 GeV is almost an order of magnitude higher in the

Emiss
T,Rel distribution and the tails are significantly smaller. The mean and RMS from

the Emiss
T,Rel distribution are reduced by ∼ 30% and ∼ 20% with respect to the Emiss

T

values. These behaviours are also observed in Z → ee events, as well as from

Emiss,STVF
T,Rel and Emiss,track

T,Rel comparisons.
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Figure 4.1: Emiss
T , in blue, and Emiss

T,Rel, in red, spectrums for 8 TeV data (dots)
and simulated MC samples (lines). The events are selected to be compatible

within the Z → µµ process. The legend shows the mean and RMS values.

In the H→WW (∗)→ `ν`ν analysis strategy described in Chapter 5, lower

bounds on Emiss
T,Rel and Emiss,track

T,Rel magnitudes are applied in final states with same

flavoured leptons. The combination of both definitions highly suppresses Z/DY

contributions in benefit of the Higgs boson signal significance. The description

of the /ET selection criteria used in this analysis and in particular, the latest /ET

optimisation results are presented in Section 5.6.3 and Chapter 6 respectively.
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4.3 Data Samples and Event Selection

In this chapter, the performance of the /ET is evaluated using ATLAS data collected

during 2012 using proton-proton collisions at
√
s = 8 TeV in the LHC. Details on

LHC operation are given in Chapter 2, Section 2.2. The most important feature in

the 2012 LHC running period is the enhance of pile-up interactions with respect to

2011. The mean number of inelastic collisions per bunch crossing for 2012 is up to

35 with an average of 20 over the full data set, as shown in Fig. 2.6.

Simulation samples are treated to generate the pile-up environment in data

properly. Pile-up modelling for all MC samples comes from Pythia8. These extra

collisions are overlaid to the physics process that is being simulated before recons-

tructing objects in the event as tracks, photons, leptons, jets, etc. In MC events,

the genuine /ET is calculated from all generated non-interacting particles in the

simulated process. It will be referred to as true missing transverse momentum in

the following and the symbol Emiss,True
T will be used to denote this quantity. Several

MC generators and parton shower models are used for the following results. MC

samples are generated over a large range of jet activity in order to quantify its effect

on the /ET measurements. Details on the different MC generators are described in

Section 5.3.

The criterion for selecting each event topology first consider a set of quality

requirements at the level of reconstructed objects. The selection of leptons and

jets, as well as the ATLAS reconstruction algorithms, are described in Section 5.6.

Candidate events should satisfy a selection that guarantees compatibility with the

process of interest. Z → e±e∓ and Z → µ±µ∓ decays are interesting for com-

paring observed data with simulation and, for evaluating the /ET performance in

events without genuine /ET measurement. For sake of simplicity, these events will be

grouped and referred to as Z → `` in the following. Z → `` events are required to

have two well-reconstructed high-pT leptons with opposite charge and same flavour.

Moreover, the invariant mass of the dilepton system has to be consistent within the

Z mass peak, 66 < m`` < 116 GeV. Processes with genuine /ET measurement are

also studied since they allow to compare the different /ET measurements with the

expected Emiss,True
T quantity. For the performance investigations in Section 4.5.4,

the H→WW (∗)→ `ν`ν process is used. The details on the generators of the Higgs

boson samples, with mH = 125 GeV, are quoted in Tab. 5.1.
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4.4 Data and Simulation Comparisons

This section collects some basic /ET -related quantities for the three /ET reconstruc-

tions defined in Section 4.2. These results compare ATLAS collected data with MC

expectations in Z → `` events. The advantages of using this process are the clean

signature of the two leptons from the Z decay and the large amount of Z bosons

produced at LHC. Most of the /ET measured in such events results from imperfec-

tions in computing the /ET magnitude, as object selection efficiency, or in detector

response. Hence, this event topology allows to evaluate detector noise and pile-up

effects in the different /ET reconstructions.

Table 4.1: Expected and observed event yields with 8 TeV ATLAS data (Ob-
served) and simulation from MC (Total Bkg.). Different columns show the ex-
pected event yields for each SM process satisfying the Z → `` selection criteria.
The non-WW column includes WZ, ZZ and Wγ processes. Groups separated
by a horizontal line consider different jet activity in the final state. The quoted

uncertainties are only due to sample statistics.

Selection WW
non

tt̄
Single

Z+jets W+jets Total Bkg. Observed Data
MCWW Top

Inclusive
2558 4970 13036 1240 14157500 18960 14213900

14399977 1.01
± 12 ± 15 ± 41 ± 5 ± 7800 ± 180 ± 7800

0 jets
1671 2480 158 96.1 10875400 13730 10894100

11037562 1.01
± 10 ± 8 ± 4 ± 1.4 ± 6800 ± 150 ± 6800

1 jet
659 1554 1802 577.4 2431000 3700 2443100

2483850 1.02
± 6 ± 9 ± 15 ± 3.4 ± 3300 ± 80 ± 3300

≥ 2 jets
228.1 936 11076 566.5 851100 1530 876700

878565 1.00
± 4.3 ± 9 ± 36 ± 3.5 ± 1200 ± 40 ± 1200

Table 4.1 shows the event yields from simulation and 2012 ATLAS data after

applying the criteria for selecting Z → `` events. The total number of events in

data and simulation are compatible within the statistical errors. The MC decom-

position of the different processes shows that 99.6% of the events are expected to

be produced by a Z → `` decay while other SM processes that may have the same

reconstructed final state only contribute by ∼0.4%. The purity of a selected phase

space is considered as the relative event yields obtained with the sample of interest

over the total number of selected events, considering other SM processes as well. In

this case, the Z purity in events with no jets nor exactly 1 jet exceeds the 99%. The

purity of the Z sample in presence of at least two jets is ∼ 97%. This reduction

on the Z purity is due to the relatively higher contribution of tt̄ events. Other

SM processes satisfying Z selection, including tt̄, WW and WZ diboson events,

involve genuine /ET measurement, so they will mostly contribute to the tails of the

/ET distribution.
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Figure 4.2: Different /ET reconstruction in Z → `` candidates for 8 TeV ATLAS
data and MC simulation: Emiss

T (black), Emiss, STVF
T (red) and Emiss,track

T (blue).
Distributions are shown for different jet multiplicities: inclusive (top-left), 0-jet

(top-right), 1-jet (bottom-left) and at least two jets (bottom-right).

Figure 4.2 shows the different /ET spectrums obtained from 2012 ATLAS data

and MC simulation for Z → `` candidate events with different number of jets in

the final state. In general, the agreement between data and the MC is reasonable.

However, for some regions of the distributions the discrepancy between data and

MC can be up to 30%. There are two MC features responsible for the observed

differences,

• soft jet activity is difficult to model, and

• concrete contributions from each pile-up interaction can not be predicted, as

they may be originated by many possible and different final states.



96 Chapter 4. Missing Transverse Momentum in ATLAS

The highest data/MC difference is observed for the Emiss, STVF
T measurement

in events without jets. This is due to the bad modelling of the simulated soft-term

which accounts for low-pT jets by definition. Moreover, the computation of the

STVF factor in MC results in an overcorrection of the STVF soft-term as this relies

on tracks from pile-up vertices. In events with jets, the contribution of the jet-term

becomes significant and reduces the effects from the STVF soft-term. In the Emiss
T

reconstruction the discrepancies do not exceed 10%. As in the Emiss, STVF
T case, the

soft-term is not well described by the simulation. However, the Emiss
T reconstruction

shows better agreement than the Emiss, STVF
T since the STVF factor is not applied

for the former. In summary, the limitations of the simulated soft-term affects both

calorimeter-based definitions. The inaccurate pile-up modelling in MC enhances the

disagreement between data and simulation through the application of the STVF

factor.

Conversely, differences between data and MC in the Emiss,track
T measurement

do not originate from pile-up effects since only tracks from the PV vertex are used.

In this case, the discrepancies are up to ∼ 20% and are mainly located in the tails of

the Emiss,track
T spectrum. The source of this disagreement is related to the simulation

of the ID activity in events with high number of jets in the final state.

Table 4.2: Mean and RMS values expressed in GeV from the different /ET
distributions collected in Fig. 4.2. ATLAS data events collected during 2012 at√
s = 8 TeV being consistent with a Z → `` decay are used considering different

jet multiplicities.

Z → ``
Emiss

T Emiss, STVF
T Emiss,track

T

Mean RMS Mean RMS Mean RMS

0 jets 18.6 11.9 13.4 10.3 9.5 6.8

1 jet 22.3 12.5 18.1 12.4 24.8 18.7

≥ 2 jets 23.1 12.0 22.7 12.2 38.8 29.1

Table 4.2 quotes the mean and RMS values for data distributions from Fig. 4.2.

For Z events without jets the Emiss,track
T performs better than the calorimeter-based

quantities, as it provides the smallest mean and RMS values. The Emiss,track
T mea-

surement efficiently rejects the contribution from pile-up interactions. These extra

interactions may deposit energy in the calorimeters, hence they will enter in the

soft-term of the Emiss
T and Emiss, STVF

T measurements. The latter suppresses pile-

up contribution through the STVF correction, which decreases the mean and RMS

values by ∼ 30% with respect to the Emiss
T in events without jets. However, the
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Emiss, STVF
T presents the highest data/MC discrepancy due to the complexity of

simulating pile-up contributions, as discussed above.

In general, the presence of jets degrades all three /ET definitions. High jet

activity originates wider spectrums and longer tails as shown in Fig. 4.2. The

Emiss,track
T measurement is specially sensitive to jet activity, being substantially more

affected than calorimeter-based /ET definitions as observed in Tab. 4.2. This is due to

jets that scape detection in the ID, as those produced by neutral particles or outside

the ID coverage range. The omission of neutral and forward jets in the Emiss,track
T

computation results in an increase of ∼ 50% in the mean and RMS values with

respect to calorimeter-based definitions in events with at least two jets.
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Figure 4.3: x and y components of the different /ET reconstructions in Z → ``
candidates for 8 TeV ATLAS data and simulation. Events are for ee + µµ final

states with 0 and 1 jet on top and bottom, respectively.
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Figure 4.3 compares the x- and y-components for each /ET definition in Z → ``

events in data and simulation. The directional components of the /ET are expected

to be centered at zero and described by a Gaussian in events without genuine /ET

measurement. However, pile-up interactions can affect the width of these distribu-

tions by introducing fluctuations that make them no longer Gaussian. In addition,

the limitation of some /ET reconstructions to efficiently account for all significant

energy depositions, also worsens the Gaussian shape of the x and y-components.

The Emiss,track
T directional components show the narrowest distributions in events

without jets. However, when considering events with jet activity, the Emiss,track
T

measurement changes to a much wider distribution and higher populated tails than

the calorimeter-based reconstructions.

Table 4.3: Mean and RMS values expressed in GeV of the x-component for each
/ET reconstruction. ATLAS data events collected during 2012 at

√
s = 8 TeV

being consistent with a Z → µµ decay are used considering events with 0-jets
and exactly 1-jet.

Z → µµ
Emiss

T Emiss, STVF
T Emiss,track

T

Mean RMS Mean RMS Mean RMS

0 jets -0.103 16.5 0.00752 12.43 -0.0771 8.92

1 jet -0.0515 18.08 0.0367 16.43 -0.168 21.45

In order to numerically establish the degradation of the performance with the

presence of jets, Tab. 4.3 quotes the mean and RMS values of the x-components for

each /ET reconstruction. Due to the distortion of the distributions shown in Fig. 4.3,

the quality of the Gaussian fitted width is not a good estimator of the /ET recons-

truction. Using the RMS instead is more appropriated to comparatively quantify

the performance of the different /ET definitions. The RMS gives a quantitative des-

cription of the tails of the /ET distributions and will be used in the following. In

general, all three definition are centered at zero as represented by the mean values

in Tab. 4.3. Hence, there is not a privileged direction which points to a bias in

the /ET reconstruction. The Emiss,track
T measurement achieves the smallest RMS

value in Z events without jets. This is almost a factor 2 lower than the RMS

obtained for the directional components in the Emiss
T case. The Emiss, STVF

T slightly

corrects the contribution of pile-up in the tails of the Emiss
T distribution. This is

due to the suppression of extra interactions achieved through the application of the

STVF factor. The comparison of these two calorimeter-based quantities show that

the STVF correction reduces the RMS of the Emiss
T x-component by ∼ 25%. The

presence of a high-pT jet degrades all three /ET measurements, being the Emiss,track
T
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the most affected quantity. Results show a factor 3 difference between the RMS of

the Emiss,track
T in events with a jet with respect to events without jets. Emiss

T and

Emiss, STVF
T are more robust under the presence of jets in the event. The jet effects

in calorimeter-based reconstructions enhance the RMS by ∼ 10% with respect to

the case without jets.

Besides the poor performance of the Emiss,track
T measurement in events with

jets, the computation of the Emiss,track
T,Rel recovers the quality of the reconstruction up

to the same level of the other calorimeter-based magnitudes. Figure 4.4 shows the

comparisons between the different /ET,Rel spectrums in data and MC simulation.
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Figure 4.4: Emiss
T,Rel comparisons for 2012 data and MC simulation in Z → ``

events. The events are divided by different number of jets in the final state.
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In general, the /ET,Rel improves the nominal /ET measurement in Z → ``

events. The bulk of the /ET,Rel distributions are closer to zero and there is a sig-

nificant reduction of the tails compared with the nominal /ET distributions from

Fig. 4.2. The Emiss,track
T,Rel is the most performant reconstruction in events without

jets, as expected from the nominal Emiss,track
T results. In addition, the Emiss,track

T,Rel

distribution improves to the level of the calorimeter-based reconstructions in events

with jet activity as well. As observed in the Emiss,track
T,Rel spectrums, the width be-

comes narrower and the tails are similar than the ones obtained with Emiss
T,Rel and

Emiss,STVF
T,Rel measurements. The reason of this behaviour is that the Emiss,track

T recon-

struction tends to be in the direction of the mis-measured jet from the ID system.

Hence, the projection of the Emiss,track
T , through the computation of the Emiss,track

T,Rel ,

is highly favoured. In light of the results, the Emiss,track
T,Rel is used, in combination with

the Emiss
T,Rel, to further suppress Z → `` events in the H→WW (∗)→ `ν`ν search.

4.5 /ET Performance

Up to this section, the different approaches for reconstructing the /ET in ATLAS

have been defined. In addition, the results from basic data and MC comparisons

discussed in Section 4.4 show characteristics and features for each /ET measurement

depending on pile-up environment and jet activity in the final state. This section

summarises the main results on the performance of the different /ET measurements

in terms of pile-up dependence, resolution, scale, linearity and direction.

4.5.1 /ET Dependence with Pile-Up

To evaluate the correlation of the /ET with respect to pile-up, the mean and RMS for

each of the different /ET measurements are obtained in bins of the average number

of interactions per bunch-crossing. The results from Z → `` events with different

jet multiplicities in data and simulation are shown in Fig. 4.5. The most important

feature from these distributions is that the Emiss,track
T reconstruction is much more

robust against pile-up than the calorimeter-based measurements. This is expected

since only tracks associated to the PV are included in the Emiss,track
T computation.

The stability of the Emiss,track
T reconstruction regardless of high pile-up conditions

motivates many analysis searches for using this measurement to isolate the signal.

Conversely, extra energetic depositions coming from pile-up interactions are entering

in Emiss
T and Emiss, STVF

T computations, so these definitions have a strong correlation

with pile-up as observed in high dependence Fig. 4.5. When the jet activity increases
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the performance of the Emiss,track
T worsens dramatically due to the ID limitations.

Besides the results still show a very stable Emiss,track
T measurement, flat and almost

independent of the pile-up conditions, the mean and RMS values are significantly

larger than the ones obtained with the calorimeter-based measurements. These

results agree with the features observed in Section 4.4 and confirm the weakness of

the Emiss,track
T definition for considering high-pT neutral particles.
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Figure 4.5: Mean (left) and RMS (right) in GeV of the different /ET reconstruc-
tions against the average of interactions per bunch-crossing. Z → µµ events in
data (closed circles) and simulation (open circles) with 0, 1 and at least 2 jets

are shown on top, middle and bottom, respectively.
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Emiss
T and Emiss, STVF

T measurements show a high correlation with pile-up, as

expected. The observed trends are significantly higher than in the Emiss,track
T case

but the slope remains constant independently of the number of reconstructed jets

in the event. This effect points to a relatively lower contribution of the soft-term

and manifests the difference between calorimeter-based and track-based approaches

when the jet-term becomes significant. The pile-up suppression technique applied

through the STVF factor for computing the Emiss, STVF
T measurement, improves the

Emiss
T resolution in events without jets. In events with jets, both calorimeter-based

definitions provide similar correlation with pile-up.

Pile-up effects on /ET can also be evaluated through the
∑
ET measurement.

Extra energetic depositions in the calorimeters are inputs to the
∑
ET, as defined

in Section 4.2.4.1, hence the /ET stability with pile-up can be investigated in bins

of
∑
ET as well. Figure 4.6 presents the mean of the different /ET definitions as a

function of
∑
ET for data and MC in Z → µµ and Z → ee events separately.
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Figure 4.6: Mean of the different /ET quantities in bins of
∑
ET in Z → ee

and Z → µµ events on the left and right, respectively. 2012 ATLAS data (full
circle) and simulation from MC (open circle) are represented. Top distributions
have applied a jet veto and bottom plots are obtained selecting events with at

least two jets.
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Data and MC show reasonable agreement for
∑
ET > 100 GeV in all three

/ET measurements and for both ee and µµ final states. In Z → ee events, the trends

are higher than in the µµ final state for all /ET measurements. This is due primarily

to the Bremsstrahlung of electrons, as well as to the better resolution of muons

in the ATLAS detector. Results in events without jets show that the Emiss,track
T

reconstruction is very stable with respect to the
∑
ET measurement, while the

Emiss
T and Emiss, STVF

T present higher dependence. The application of the STVF

factor to the soft-term in Emiss, STVF
T improves the performance of the nominal Emiss

T

measurement. However, in the Emiss, STVF
T case the difference between data and MC

increases with respect to Emiss
T . This is due to the poor modelling of the STVF factor,

as discussed in Section 4.4. When considering high jet activity, the Emiss,track
T looses

its performance and becomes the most correlated measurement with the
∑
ET of

the event. High
∑
ET events tend to have more high-pT neutral particles which

are not accounted for in Emiss,track
T computation. Finally, both calorimeter-based

definitions provide similar dependence with
∑
ET in events with jets. This points to

a lower relative contribution of the soft-term, and so of the STVF correction effects,

due to the enhanced jet-term in such final states.

4.5.2 /ET Resolution

The /ET resolution is an important indicator of the /ET performance. This is typically

presented as the RMS from the distributions of the directional components of each

/ET measurement in bins of < µ > and
∑
ET. The RMS width of the x- and

y-components are added in quadrature to obtain the /ET resolution.
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Figure 4.7: /ET resolution from the different /ET directional components in bins
of the average of interactions per bunch-crossing. 2012 ATLAS data (full circle)
and simulation from MC (open circle) are represented. Z → µµ simulated events

with 0 and at least 2 jets are shown on left and right, top, respectively.
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Figure. 4.7 and Fig. 4.8 show the /ET resolution in terms of the directional

components and the RMS of the /ET distributions in bins of < µ > and
∑
ET, respec-

tively. 2012 ATLAS data and simulated events consistent with Z → `` process are

used. These results agree with the investigations presented in Section 4.5.1. Same

trends and features are found for all three /ET measurements. The use of track in-

formation greatly improves the resolution over the calorimeter-based measurements

in events without jets since the ID system provides a powerful discriminator against

pile-up. For events with jets, the Emiss
T and Emiss, STVF

T performances are superior

to the Emiss,track
T . The Emiss,track

T resolution worsens because of missing high-pT

neutrals, specially coming from jets.
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Figure 4.8: /ET resolution from the different /ET directional components in bins
of the average of interactions per bunch-crossing. 2012 ATLAS data (full circle)
and simulation from MC (open circle) are represented. Z → µµ simulated events

with 0 and at least 2 jets are shown on left and right, respectively.

Events with genuine /ET provide an important topology for validating the

different /ET measurements. The expected presence of neutrinos in the final state

means that the reconstructed /ET is not just a measurement of the fluctuations

around zero, as in the Z → `` process. In topologies with genuine /ET the resolution

can only be studied in MC simulation events since the information of the Emiss, True
T is

needed. In light of this, the resolution of the two /ET components for each definition

is estimated from the RMS width of

Emiss
T, i − Emiss, True

T, i , (4.15)

where i represents the directional /ET components.

The resolution of the different /ET measurements using H→WW (∗)→ `ν`ν

simulated events, with mH = 125 GeV, are shown in Fig. 4.9. These results combine
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all lepton flavour final states and the two most contributive production mechanisms:

ggF and VBF in order to increase the statistics. Same trends and conclusions as

in the results obtained with Z → `` events presented above are observed now in

simulated events with genuine /ET measurement.
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Figure 4.9: /ET resolution from Eq. 4.15 for the different /ET measurements
in bins of the average of interactions per bunch-crossing. H→WW (∗)→ `ν`ν
simulated events, with ` = e, µ and mH = 125 GeV, are shown combining all
lepton flavour final states and the two most contributive production mechanisms:
ggF and VBF. Events with 0 and at least 2 jets are represented on the left and

right, respectively.

4.5.3 /ET Scale

The /ET scale provides a good global indicator of the /ET resolution performance.

Investigations on the /ET scale allow to check the control over fluctuations in energy

and momentum measurements due to pile-up interactions and the choice of objects

used in the /ET computations. The /ET response relies on the scale of the /ET balance

using better measured and calibrated quantities like the transverse momentum of

the Z boson (pZT). A bias in the scale of the /ET reconstruction implies a systematic

under or overestimated of some portion of the event transverse momentum, e.g. due

to detector calibration.

In this section, the /ET scale is obtained using the Z → `` topology. In such

kind of events, the transverse momentum of the Z boson defines an axis in the

transverse plane of the ATLAS detector. This is used to check that the /ET along

this axis balances the pZT. Hence, in events from Z → `` decays one can define

an axis in the transverse plane such that the component of /ET along this axis is

sensitive to detector resolution and biases [59].
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The normalised direction of the axis of the Z boson (AZ) is defined by the

reconstructed momenta of the leptons,

AZ =
p`

+

T + p`
−

T

| p`+T + p`
−

T |
, (4.16)

where p`T are the vector transverse momenta of the lepton and anti-lepton. The

direction of AZ thus reconstructs the transverse direction of motion of the Z boson.

The mean value of the projection of /ET onto the longitudinal axis (< Emiss
T ·AZ >)

measures the /ET scale, as this axis is sensitive to the balance between the leptons

and the hadronic recoil.
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Figure 4.10: Mean of < ET · pZT > for the different /ET measurements in bins of
pZT for 8 TeV ATLAS data (closed markers) and MC simulation (open markers).
The results are separated for Z → ee and Z → µµ final states on the the left
and right, respectively. Distributions on top have a jet veto applied and on the

bottom corresponds to the inclusive jet case.

Figure 4.10 shows the /ET scale in bins of pZT in Z → `` events with different

number of jets in the final state. The agreement between data and simulation is

very good for low pZT range, which benefits of higher statistics. Moreover, ee and µµ
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final states produce compatible results. The Emiss
T measurement provides the lowest

scale deviation in all cases, while presence of neutral particles clearly degrades the

Emiss, STVF
T and Emiss,track

T scale measurements. The correction introduced by the

STVF factor in the soft-term modifies the Emiss, STVF
T direction with respect to the

nominal Emiss
T . Since the STVF factor ignores contributions from neutral particles,

the Emiss, STVF
T direction is biased and so its scale. This effect can be observed

in events without jets in the final state. In events with jets, the Emiss, STVF
T scale

improves to the Emiss
T level since the STVF soft-term is less contributive. The ID

limited detection is expected to specially affect the Emiss,track
T scale measurement.

The Emiss,track
T scale shows the highest deviation from zero for all jet cases, just

performing slightly better than the Emiss, STVF
T up to pZT = 30 GeV in events without

jets.

4.5.4 /ET Linearity

Another useful magnitude in events with genuine /ET is the linearity. This measures

the consistency between the magnitude of the reconstructed and the simulated /ET

measurement. Note that the latter is invaluable for data samples with hard neutri-

nos, so the linearity will be only computed for simulated events. The linearity of

the /ET is defined as the mean value of the following ratio,

Linearity =
Emiss

T − Emiss,True
T

Emiss,True
T

. (4.17)

The linearity magnitude is expected to be zero if the /ET is reconstructed at the

correct scale.

In Fig. 4.11, the linearity for H→WW (∗)→ `ν`ν simulated events is shown

in bins of the Emiss,True
T . Any threshold on the reconstructed /ET definitions is

applied for this plot, however, a bias for low Emiss,True
T values is observed. The

relative difference with respect to Emiss,True
T is positive when this quantity is small.

This effect extends up to 50 GeV and it is related to the finite resolution of the /

ET measurement as well as to the fact that the reconstructed /ET is positive by

definition.

The results in events with jets show that when Emiss,True
T > 50 GeV, the

linearity is better than 5% for Emiss
T and Emiss, STVF

T reconstructions. The Emiss,track
T

presents a stronger negative linearity because of the lack of neutral particles. This

shows a much better behaviour in agreement with the Emiss, STVF
T linearity for events

without high-pT jets, as shown in the upper distribution.
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Figure 4.11: Linearity using the different /ET measurements in bins of Emiss,True
T

for H→WW (∗)→ `ν`ν MC simulated events with mH = 125 GeV. Results are
separated for 0 jets on top, 1 jet on bottom-left and at least 2 jets on bottom-

right.

In events without jets, all /ET definitions produce negative linearity values

when Emiss,True
T > 50 GeV. The negative trend improves from Emiss,True

T > 70 GeV.

This points to a defect on the calibration of jets in the limit of the selection threshold.

Around 3% of the events with 50 < Emiss,True
T < 70 GeV have a truth jet with

pTrue
T > 20 GeV which was not considered in the /ET reconstructions due to the jet

selection quality requirements. The pT of this missing jet is underestimated in the

Emiss
T calculation and more so in the other definitions. As the Emiss,True

T increases

in the denominator of the linearity given in Eq. 4.17, the values pull closer to zero.
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4.5.5 /ET Direction

The direction of the /ET is an extremely important magnitude as well. The perfor-

mance of the /ET direction is evaluated using physics processes with genuine /ET from

simulation. This allows to check the resolution of the /ET direction as a function

of the Emiss, True
T . The difference in the /ET direction from the generator value is

computed by taking the difference in the azimuthal angle of the reconstructed /ET

direction (∆φ(Emiss
T , Emiss, True

T )). The RMS of this distribution is taken as the

resolution of the direction of each /ET definition.
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Figure 4.12: Resolution on ∆φ(Emiss
T , Emiss, True

T ) for H→WW (∗)→ `ν`ν sim-
ulated events without jets (left) and with at least two jets (right).

Figure 4.12 shows the resolution of the /ET direction in bins of Emiss,True
T using

H→WW (∗)→ `ν`ν simulated events from MC with mH = 125 GeV. In general,

as the Emiss,True
T value increases the angular resolution improves for all three /ET

reconstructions. Events without jets present very similar angular resolution for

all /ET measurements. The resolution of the /ET direction reaches a plateau when

Emiss,True
T > 80 GeV. In events with jet activity, the presence of jets plays an impor-

tant role and makes the distinction between the calorimeter-based and track-based

/ET approaches. In this case, the Emiss,track
T presents a much worse directional reso-

lution than the calorimeter-based measurements. Missing neutral particles severally

deteriorates the angular resolution of the Emiss,track
T .



110 Chapter 4. Missing Transverse Momentum in ATLAS

4.6 Systematic Uncertainty on /ET

The /ET measurements, as defined in Section 4.2, are defined by the sum of several

terms associated to different reconstructed objects. The uncertainty of each indivi-

dual term is evaluated given the knowledge of the reconstructed objects that are then

used to build it. The uncertainties provided for the electrons, muons, jets, taus, and

photons are propagated into their respective term. The overall systematic uncer-

tainty on the /ET measurement is calculated by combining the uncertainties on each

object. This section therefore focuses on the derivation of systematic uncertainties

for the different /ET soft-terms.

Another important /ET uncertainty source comes from soft energetic contri-

butions, i.e., those entering in the computation of the /ET measurements but not

associated to any high-pT object. Note that these extra contributions will explicitly

enter in the soft-term of the calorimeter-based definitions as shown in Eq. 4.1 and

Eq. 4.8. For the Emiss,track
T case, the corresponding soft-term can be interpreted as

the contribution of those tracks considered in the Emiss,track
T computation, which

are not associated to any well reconstructed object in the event. The Emiss,track
T

soft-term is not specified in Eq. 4.11 but this can easily defined as the magnitude of

the vector difference between the Emiss,track
T and the transverse momentum from all

high-pT particles,

Etrack, SoftTerm
x(y) = Emiss,track

x(y) −
∑
e

p ex(y)−
∑
µ

pµx(y)−
∑
γ

p γx(y)−
∑
τ

p τx(y)−
∑
jet

p jet
x(y) .

(4.18)

In the following, these extra contributions not associated to the high-pT objects will

be referred to as soft-term for all /ET approaches, taking into account the distinction

between the calorimeter-based and track-based origins.

Two methods for evaluating systematic uncertainties on scale and resolution

of the different /ET soft-terms have been developed in ATLAS and are extensively

documented in Ref. [59]. The first method considers the agreement between data

and simulation in Z → µµ events without jets. This topology is used to estimate the

systematics on the remaining contributions of the /ET measurement after subtracting

the high-pT and well reconstructed objects of the event. In light of this, Z → µµ

without jets events are optimal for extracting scale systematic uncertainty of the

/ET soft-terms as only muons are expected to contribute to the /ET measurement.

Any extra contribution will affect the scale and resolution of the /ET soft-term.

The projection of the different /ET soft-terms onto the transverse direction of the Z

boson momentum allows to test any bias in the scale. The systematic uncertainty
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on the /ET scale is estimated by comparing data and MC agreement of the projected

soft-terms in bins of
∑
ET. Similarly to the results obtained in Fig. 4.10, the

size of the average deviation between data and the simulation is taken as the scale

systematic uncertainty. The size of the average deviation from unity is about 8%

for the Emiss
T measurement. This value is typically taken as a flat uncertainty on

the absolute scale. The systematic uncertainty on the resolution is estimated by

evaluating the discrepancies between data and MC in the x- and y-components of

each /ET measurement. The systematic uncertainties on the resolution are obtained

in bins of
∑
ET, similarly to the results discussed in Fig. 4.7. The uncertainty on

the Emiss
T soft-term resolution is ∼3%.

The second approach for evaluating the systematic uncertainties on the /ET

exploits the balance between the soft-term and the total transverse momentum of

all particles that may have been originated by a certain process. The latter is known

as p hard
T and it is defined as the vector sum of the transverse momenta of the hard

objects in the event. The x- and y-components of the p hard
T are computed as,

phard
x(y) =

∑
e

p ex(y) +
∑
µ

pµx(y) +
∑
γ

p γx(y) +
∑
τ

p τx(y) +
∑
jet

p jet
x(y) +

∑
ν

p νx(y) , (4.19)

The phard
T direction defines an axis in the transverse plane of the ATLAS detector

in which the soft-term is expected to balance the p hard
T magnitude. p hard

T can be

regarded as the true value of the /ET soft-term and allows to evaluate /ET scale and

resolution systematic uncertainties in events with jets. Equation 4.19 only can be

computed in MC samples since the
∑

#»p νT contribution is unknown in data. However,

in Z → `` processes the component from non-interacting particles can be safety ne-

glected. In this case, the phard
T magnitude can be investigated in both data and

simulated events. To evaluate the mean and resolution of the /ET soft-term, this is

decomposed along the phard
T direction and along the orthogonal direction, referred to

as longitudinal and perpendicular directions, respectively. The longitudinal compo-

nent is sensitive to scale and resolution differences between the data and simulation

since the soft-term should balance the phard
T . The perpendicular component is only

sensitive to differences in resolution since the mean is very close to 0 in data and MC

because the hadronic recoil only affects the parallel component. The discrepancies

between data and simulation are considered as the systematic uncertainties for the

scale and resolution. The average uncertainties are about 3% for both longitudinal

and perpendicular directions. All /ET reconstruction approaches can be applied with

small systematic uncertainties on the full measurement.
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4.7 Conclusions

The increasing number of pile-up interactions during 2012 data-taking has required

several investigations into the performance of the /ET reconstruction on ATLAS.

The features of several approaches based on different object information to build

the unbalanced transverse momentum in ATLAS events have been explored in this

chapter. The pure calorimeter-based Emiss
T definition highly depends on the number

of pile-up interactions which degrades its performance in term of resolution and tails.

Two pile-up suppressed /ET reconstructions are developed in order to deal with pile-

up contributions: Emiss, STVF
T and Emiss,track

T . However, these measurements come

with new features. In the Emiss, STVF
T reconstruction, the MC modelling of the STVF

factor produces an under-calibrated soft-term which results in discrepancies between

data and simulation of about 20% in events without jets. For events with jets, the

Emiss
T and Emiss, STVF

T perform similarly because the dominant component is the jet-

term. For such event topologies, the contribution of the soft-term is relatively lower

and so are its effects. Lastly, an alternative measurement based on tracks coming

from the hardest reconstructed vertex is also studied. The Emiss,track
T measurement is

very stable with respect to pile-up interactions, but limited ID coverage and missing

high-pT neutral particles lead to large degradation in the Emiss,track
T linearity and

scale, specially in events with high jet activity.



Chapter 5

H→WW (∗)→ `ν`ν Analysis

5.1 Introduction

The SM of particle physics has been tested by many experiments over the last four

decades and it has been shown to successfully describe high energy phenomena.

However, the mechanism that breaks electroweak symmetry in the SM was not

confirmed until 2012. The BEH mechanism of electroweak symmetry breaking was

published in 1964 [11–13]. This provides masses to the SM particles and predicts

the existence of a new elementary particle known as the Higgs boson, as addressed

in Chapter 1.

Early in the 21st century, direct searches at LEP and Tevatron excluded at

95% confidence level (CL) a Higgs boson with a mass below 114.4 GeV [17] and in the

regions 147 < mH < 180 GeV and 100 < mH < 103 GeV [65], respectively. In 2011,

various search results using proton-proton collision data at the LHC with a center-

of-mass energy of 7 TeV and corresponding to an integrated luminosity of 4.7 fb−1

were reported by the ATLAS experiment. No significant excess of events over the

expected background was observed and the results allowed to exclude at 95% CL

the mass ranges 112.9− 115.5 GeV, 131− 238 GeV, and 251− 466 GeV [66]. By the

summer of 2012 the ATLAS detector had collected the first 5.8fb−1 of integrated

luminosity at
√
s = 8 TeV.

113
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On July 4th, 2012, the ATLAS and CMS Collaborations reported the ob-

servation of a new particle compatible with the SM Higgs boson, with a mass of

approximately mH = 125 GeV. These results were achieved by combining results

from several final states of the Higgs decay. The CMS Collaboration combined

five decay modes observing an excess with a local significance of 5.0 σ [67]. The

ATLAS Collaboration combined results from H → γγ, H → ZZ(∗) → 4` and

H→WW (∗)→ `ν`ν analyses obtaining a local significance of the observed excess

corresponding to 5.9σ by adding the first ∼ 5.8 fb−1 at 8 TeV to the previous 7 TeV

data [68]. In 2013, results from several Higgs boson decay searches were upgraded

using the total data samples recorded by the ATLAS detector in the complete Run I

data taking period, corresponding to an integrated luminosity of about 25 fb−1. The

results confirmed the existence of the Higgs boson particle and stated the evidence

of the Higgs boson production through VBF. Results on Higgs boson coupling to

fermions show that all measurements are consistent with expectations for the SM

Higgs boson [69].

This chapter presents the results published in Ref. [69] in the search of the

Higgs boson, with mH = 125 GeV, into a pair of W bosons using 7 TeV and 8 TeV

data collected by the ATLAS detector. This decay mode was one of the three

used in the Higgs boson discovery. The analysis considers contributions from the

H→WW (∗)→ `ν`ν (with `= e, µ) decay mode where the Higgs boson is produced

through ggF and VBF production mechanisms. TheH→WW (∗)→ `ν`ν analysis has

been performed using the complete data sample collected with the ATLAS detector

at the LHC during 2012 and 2011 at
√
s = 8 TeV and

√
s = 7 TeV, respectively and

corresponding to a total integrated luminosity of 20.7 fb−1 and 4.7 fb−1 [70]. Sec-

tion 5.2 presents an overview of the H→WW (∗)→ `ν`ν analysis. Section 5.3 and

Section 5.4 describe Monte Carlo and data samples, respectively. Section 5.6 sum-

marises selection of reconstructed objects in the final state, as leptons and jets.

Section 5.7 describes the analysis strategy, introducing background sources and key

variables for enhancing the sensitivity of the search. Section 5.9 details the estima-

tion of the backgrounds yields. Section 5.10 presents the systematic uncertainties.

The focus of the chapter is on the analysis of the 8 TeV data, but the analysis of the

7 TeV data is also briefly described in Section 5.8. Finally, Section 5.12 presents the

evidence for the Higgs-like boson results and Section 5.13 states the conclusions.
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5.2 Analysis Overview

The H→WW (∗)→ `ν`ν decay mode is particularly sensitive in the mass range 120 <

mH < 200 GeV. The Higgs boson decay branching ratio to WW falls off with

decreasing mH below mH = 2MW but it is still just over 20% at mH = 125 GeV,

as can be seen on the left plot in Fig. 5.1. The Higgs boson production total

cross section increases up to 30% at
√
s = 8 TeV compared with

√
s = 7 TeV [25]

as is shown, on the right, in Fig. 5.1. The benefit of running at higher center-

of-mass energy comes at the price of having multiple proton-proton collisions per

bunch crossing, the so-called pile-up, as was discussed in Chapter 4. This affects

several aspects of the analysis; as for example, the higher Drell-Yan background

contamination due to an increased rate of fake /ET measurements.
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Figure 5.1: Higgs boson decay branching ratios (left) and production cross
section ratios between

√
s = 7, 8 TeV in solid lines;

√
s = 7, 9 TeV dashed lines

(right).

There are four possible final states in the H→WW (∗)→ `ν`ν (with ` = e, µ)

search: eνeν, µνµν, eνµν, and µνeν. Note that the first symbol denotes the charged

lepton with the higher pT. The analysis is performed in the two possible combina-

tions depending on the flavour of the final leptons. This results in the same-flavour,

eνeν and µνµν; and different-flavour, eνµν and µνeν, categories. This strategy al-

lows to optimise the selection of events with a favourable signal-to-background ratio

due to the different background processes that dominate in each case. The notation

eµ+µe and ee+µµ will be used in the following to denote the different-flavour and

same-flavour final states, respectively.

The search is further divided depending on whether the events contain zero,

one or at least two jets [26]. These categories are referred to as H+0j, H+1j, and

H+2j analyses, respectively. The H+0j and H+1j categories are suitable to select
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Higgs boson events produced via the dominant ggF production mode. The H+0j

category relies on Higgs events produced through the ggF with no jets in the final

state. However, an important fraction of the candidate events will be accompanied

by a jet produced from radiation of a quark or gluon off the initial state gluons.

These events are recovered in the H+1j analysis. Higgs events produced through

the VBF production mechanism are characterised by at least two high-pT and widely

separated jets coming from the quarks emitting the boson. These are selected by

requiring at least two jets in the final state in the H+2j analysis. The H+0j

category with eµ+µe final states provides most of the sensitivity of the Higgs boson

decaying into a pair of W boson search. Nevertheless, the analysis expands the

scope of the production mode and the decay channels combining in a global fit a

transverse mass variable to discriminate the presence of the Higgs boson signal.

The analysis procedure is determined by blinding the kinematic region where

a signal might be expected. Data events passing the selection, designed to isolate

a signal from the Higgs boson with a mass between 110 − 140 GeV are excluded

during analysis developments. Optimisation investigations and control of the quality

of processes predictions are performed without looking at the Higgs signal phase

space. Once the agreement between observed data and MC simulation is judged

satisfactory, the signal region is analysed. The blinding criteria provide robustness

and confidence to the analysis selection as they prevent against possible biases based

on the desire to exclude or see an excess.

5.3 Monte Carlo Samples

The signal contributions considered in the H→WW (∗)→ `ν`ν analysis include ggF

and VBF production mechanisms as well as associated production of the Higgs

boson with a W or Z boson. The tt̄H production mechanism is neglected due to its

smaller cross section. For the decay of the Higgs boson, only the fully leptonic modes

are considered, H→WW (∗)→ `ν`ν (with `= e, µ), which include the contributions

from leptonic τ decays. The branching fraction for the decay as a function of mH

is calculated using Prophecy4f [71, 72] with Hdecay used to calculate the total

width [73].

The MC generators used to model signal and background processes are listed

in Tab. 5.1 and Tab. 5.2, respectively. The ggF signal cross section is computed

at next-to-next-to-leading order (NNLO) in QCD [23, 74–78] for the ggF produc-

tion mechanism using the MSTW2008 PDF set [20]. Next-to-leading order (NLO)
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electroweak (EW) corrections are also applied [79, 80], as well as QCD soft-gluon

resummations up to next-to-next-to-leading log (NNLL) [81]. These calculations are

detailed in Refs. [82–84], and they assume factorisation between the QCD and EW

corrections. The VBF signal cross section is computed with approximate NNLO

QCD corrections [85] and full NLO QCD and EW corrections [86–88]. The cross

sections of the associated production mechanism are calculated up to NNLO QCD

corrections [89, 90] and NLO EW corrections [91].

Table 5.1: MC generators used to model the signal and the corresponding
product of the cross section (σ) and branching fraction (B) at

√
s= 8 TeV.

Signal MC generator σ ·B (pb)

ggF Powheg [92]+Pythia8 [93] 0.44
VBF Powheg+Pythia8 0.035
VH Pythia8 0.13

Table 5.2: MC generators used to model SM background processes and the
corresponding product of the cross section (σ) and branching fraction (B) at√

s= 8 TeV.

Process MC generator σ ·B (pb)

qq̄, gq→WW Powheg+Pythia6 [94] 5.7
qq̄, gq→WW+2j Sherpa [95] with no O(αs) terms 0.039
gg→WW GG2WW 3.1.2 [96, 97]+Herwig [98] 0.16
tt̄ MC@NLO [99]+Herwig 240
Single top: tW , tb MC@NLO+Herwig 28
Single top: tqb AcerMC [100]+Pythia6 88
Z/γ∗, inclusive Alpgen+Herwig 16000
Z(∗)Z(∗)→4` Powheg+Pythia8 0.73
WZ/Wγ∗,mZ/γ∗>7 Powheg+Pythia8 0.83
Wγ∗,mγ∗ ≤ 7 MadGraph [101–103]+Pythia6 11
Wγ Alpgen+Herwig 370

Separate programs are used to generate the hard scattering process and to

model hadronisation, PS and UE, as described in Section 1.5.1. Pythia8 [93] or

Pythia6 [94] are used in the latter three steps for signal and some background

processes. When Herwig [98] is used for hadronisation and PS, UE is modelled with

Jimmy [104]. W+ jets, Z/γ∗+jets and Wγ processes are generated using Alpgen+

Herwig with MLM matching scheme [105]. In addition, Sherpa [95] is used for

both hard-scattering process and PS modelling of the VBF production mechanism.

Cross sections for the Wγ and Wγ∗ processes are normalised to the MCFM [106]

NLO predictions. These normalisation factors (K-factors) are calculated to be 1.15

for Wγ and 2.01 for Wγ∗.
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The pdf (see Section 1.5.1) set from CT10 [107] is used for Powheg and

MC@NLO samples; CTEQ6L1 [108] is used for Alpgen, MadGraph, Pythia6 and

Pythia8 samples. Acceptances and efficiencies are obtained from a full simula-

tion [109] of the ATLAS detector using Geant4 [110]. In two exceptional cases

(qq̄, gq→WW and single top processes) a fast simulation is used to increase MC

statistics. The simulation incorporates a model of the event pile-up conditions in the

collected data considering the effects described in Section 2.2.2. These are multiple

proton-proton collisions in the same bunch crossing (in-time pile-up) and nearby

bunch crossings (out-of-time pile-up).

5.4 Data Samples

The main goal during the data-taking process is to receive and record, under good

detector conditions, the maximum amount of integrated luminosity. Stable accele-

rator operation and optimal conditions for the full detector system are required in

order to accept an event by the ATLAS analyses. Any change in the LHC conditions,

calibrations and tests are labelled by the run number. Run numbers are grouped into

periods if they share common data-taking conditions. Data periods are cataloged

by a letter and a digit, like period Ax, where x represents an integer. The letter

is incremented when differences in data-taking conditions or detector operation are

expected to be significant, as after technical stop periods. The digit in the period

is incremented for small changes. The ATLAS data samples at 8 TeV divided by

periods and with their corresponding luminosity, are listed in Tab. 5.3.

Table 5.3: Data-taking periods and corresponding integrated luminosity for the
full 20.7 fb−1 dataset collected by ATLAS detector during 2012 at 8 TeV.

Data period Luminosity (fb−1)

A 0.84
B1-B3 0.30
B4-B8 2.10
B8-B11 1.19
B12-B14 1.64
C1-C9 1.54
D1-D8 3.37
E1-E5 2.70
G-L 7.00



Chapter 5. H→WW (∗)→ `ν`ν Analysis 119

The beams provided to the LHC main ring are typically circulating for sev-

eral hours. As the data are recorded, people in the control room monitor detector

hardware and software operations quality, and take actions if problems are spotted.

Soon thereafter sub-detector and physics groups further check the quality of the

data. The granularity of these decisions is around 1-2 minutes, known as 1 luminos-

ity block (lumiblock). Flags signalling the quality of the data are associated with

each lumiblock feed into a report, the so-called Good Runs List. This is the baseline

for any ATLAS analysis.

5.5 Trigger and Pre-selection

The H→WW (∗)→ `ν`ν analysis selects events with exactly two oppositely charged

leptons. These events are triggered and forced to satisfy quality requirements on

the reconstructed vertices. This set of preliminary requirements is known as pre-

selection and they are applied in order to discriminate potentially badly recon-

structed events. This section describes the trigger criteria and the pre-selection

requirements used in the H→WW (∗)→ `ν`ν analysis.

5.5.1 Trigger

The analysis relies on single lepton triggers to select events with high-pT leptons.

The increasing number of pile-up events during 2012 data acquisition results in an

enhanced event rate. To address this rising event rate the trigger threshold for

primary single lepton triggers in 2012 was stricter than for the 2011 data-taking

period. The 2012 data samples used in this search are triggered requiring at least

one electron or one muon candidate with pT>24 GeV. A combination of two different

lepton identification criteria is chosen for electron and muon triggers. This allows

to recover efficiency at high pT.

For the electron triggers case, there is a hadronic leakage cut which consists of

a veto on hadronic energy of more than or equal to 1 GeV deposited in the hadronic

layers of the calorimeter, including EM clusters. The inefficiency of this selection

for large energy deposit justifies the combination of electron triggers. Similarly, for

the muon triggers case, a combination of two isolation criteria is used during the

event selection.
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Furthermore, the lepton triggers have a relative track-based isolation require-

ment, ∑
tracks

pT(tracks)

pT(`)
< A , (5.1)

where
∑

tracks

pT(tracks) is the scalar sum of the pT of the tracks measured in the ID

and having a pT>1 GeV within a cone of ∆R=
√

(∆η)2 + (∆φ)2 = 0.2 around the

lepton (`). pT(`) is the transverse momentum of the lepton candidate and A is the

threshold value corresponding to 0.1 and 0.12 for the electron and the muon trigger,

respectively.

Because of the detector geometry, the acceptance of the lepton triggers is

limited to |η|<2.4 and additional non-isolated triggers are used. The lepton trig-

ger efficiencies (ε) have been determined using the Z tag-and-probe method and

are measured as a function of pT, η, and data-taking period using Z → `` (with

` = µ, e) candidate events [111]. The efficiencies are approximately 90% for elec-

trons and 90% (70%) for muons in the end-cap (barrel). In order to account for

trigger performance mis-modelling in simulated samples, scale factors relying on

these efficiencies in both data and MC samples are computed as follows,

scale factor =

1−
N∏
n=1

(1− εData,n)

1−
N∏
n=1

(1− εMC,n)

, (5.2)

whereN is the number of objects satisfying analysis specific selection criteria. εData,n

and εMC,n are the trigger efficiencies for the objects determined with data and MC

expectation, respectively.

The additional 4.6 fb−1 of data collected at
√
s = 7 TeV in 2011 use inclusive

single-lepton triggers. The required pT thresholds are 18 GeV for muons and between

20 and 22 GeV for electrons.

5.5.2 Pre-selection

This section describes the event pre-selection, as well as the main background pro-

cesses and the associated rejection criteria. The background composition depends

on the final state lepton flavour combination. In light of this, the requirements based

on the dilepton invariant mass (m``) are optimised for eµ+µe and ee+µµ final states

separately.
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As introduced in Section 5.4, data quality criteria are applied to data events

in order to suppress non-collision backgrounds such as cosmic-ray muons, beam-

related backgrounds, and noise in the calorimeters. Only data events tagged in the

Good Runs List are used in the analysis. Moreover, general event selection requires

a vertex with at least three associated charged-particle tracks with pT> 400 MeV

and consistent with the beam spot position.

Events with exactly two high-pT leptons with opposite charge are selected by

the H→WW (∗)→ `ν`ν analysis. The leading lepton of the pair, corresponding to

the lepton with higher transverse momentum, is required to have pT> 25 GeV. The

other lepton, known as the sub-leading lepton, is required to have pT> 15 GeV. The

event is accepted by the analysis if at least one of the leptons fires one of the triggers

discussed in Section 5.5.1. Then, a lower bound on the dilepton invariant mass is

applied in order to suppress contributions from γ∗ and Υ decays. The threshold

values are 10 and 12 GeV for eµ+µe and ee+µµ final states, respectively. For the

ee+µµ case, an additional criteria on the m`` consistent with the Z boson mass peak

(|m``−mZ | < 15 GeV) is required to reduces Z → `` contribution. The dilepton

invariant mass distributions for events satisfying the pre-selection requirements de-

scribed above, except the Z veto, are shown in Fig. 5.2.
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Figure 5.2: Dilepton invariant mass distribution in 8 TeV data for eµ+µe and
ee+µµ final states on the left and right, respectively. The expected composition
of the SM backgrounds from MC is also shown. The events satisfy all pre-selection
requirements, except the Z veto for the ee+µµ final states. The lower part of
each plot shows the ratio between the data and the background expectation, with

the yellow band indicating the total statistical and systematic uncertainty.
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There are five major background processes that can satisfy the requirements

described above: multi-jets, W+ jets, Drell-Yan, top quark and diboson pair decays.

In the following, top background refers to the combined tt̄ and single top processes

(tW , tb, and tqb), unless stated otherwise. The Drell-Yan processes (γ∗, Υ, Z)

are noted as Z+jets in tables and legends. In the following these processes will

be referred to as DY in the text. The non-WW diboson backgrounds (WZ, ZZ,

Wγ, Wγ∗) are noted as V V in tables and WZ/ZZ/Wγ in legends. Multi-jets

and W bosons produced in association with hadronic jets can be a large source of

background if a jet is misidentified as a lepton. For sake of simplicity, both processes

will be combined and referred to as W+ jets.

Table 5.4 collects the expected event yields for the Higgs boson signal, with

mH = 125 GeV, the SM background from MC simulation, and the observed 8 TeV

data events at each pre-selection stage for eµ+µe final states. Similarly, Tab. 5.5

presents the event yields for ee+µµ final states.

Signal Total bkg. Observed WW V V tt̄ Single Z+jets W+jets
[mH = 125] Top

Trigger 631.5 116270 122800 10721 4120 53840 5545 37010 5024
± 3.3 ± 160 ± 26 ± 50 ± 80 ± 31 ± 120 ± 24

Lepton pT
529.1 103980 107737 10153 3200 51020 5240 29340 5024
± 3.0 ± 150 ± 25 ± 40 ± 80 ± 30 ± 110 ± 24

Opp. charge 508.2 99130 103713 10128 1577 50900 5198 28800 2504
± 2.7 ± 140 ± 25 ± 29 ± 80 ± 30 ± 100 ± 20

m`` > 10 504.2 99020 103579 10118 1546 50860 5193 28810 2497
± 2.7 ± 140 ± 25 ± 28 ± 80 ± 30 ± 100 ± 20

Table 5.4: Pre-selection event yields in 8 TeV data for eµ+µe final states. The
observed and expected yields for the Higgs signal and SM background are shown.
The composition of the total background is given on the right. Energies, masses,

and momenta are in units of GeV. All uncertainties are statistical.

Signal Total bkg. Observed WW V V tt̄ Single Z+jets W+jets
[mH = 125] Top

Trigger 663.2 14605000 14707614 10924 9030 53990 5514 14513000 12550
± 3.5 ± 8000 ± 26 ± 40 ± 80 ± 31 ± 8000 ± 270

Lepton pT
560.4 14321000 14389435 10360 8035 51180 5207 14233000 12550
± 3.2 ± 8000 ± 25 ± 34 ± 80 ± 30 ± 8000 ± 270

Opp. charge 536.2 14298000 14369989 10339 6662 51070 5170 14214000 11130
± 3.0 ± 8000 ± 25 ± 26 ± 80 ± 30 ± 8000 ± 270

m`` > 12 523.0 14284000 14320704 10303 6587 50920 5150 14201000 10230
± 2.9 ± 8000 ± 25 ± 25 ± 80 ± 30 ± 8000 ± 270

Z veto 495.4 1311500 1372772 9230 2004 41790 4248 1251000 3640
± 2.7 ± 2000 ± 26 ± 22 ± 70 ± 28 ± 1900 ± 120

Table 5.5: Pre-selection event yields in 8 TeV data for ee+µµ final states. The
observed and expected yields for the Higgs signal and SM background are shown.
The composition of the total background is given on the right. Energies, masses,

and momenta are in units of GeV. All uncertainties are statistical.
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5.6 Object Selection

Proton-proton collision events producing H→WW (∗)→ `ν`ν candidates are selected

based on pre-selection requirements, object selections and, final kinematic cuts de-

pending on the flavour composition of the final leptons and the number of jets (Njets)

accompanying the Higgs boson candidate event. The pre-selection requirements are

addressed in Section 5.5. This section focuses on defining the objects used in the

analysis: leptons, jets and missing transverse momentum.

5.6.1 Leptons

Electron candidates are selected by applying a set of tight identification criteria

using a combination of tracking and calorimetric information. Muon candidates are

identified by matching tracks reconstructed in the ID and in the MS. Requirements

on the number of hits in all three components of the ID (pixels, SCT, and TRT)

provide background rejection, particularly against pion and kaon decays-in-flight.

5.6.1.1 Electron Selection

In 2012, electron candidates are reconstructed by the Gaussian Sum Fitter (GSF)

algorithm, where candidate electron or photon conversion tracks with pT > 1 GeV

are refitted based on a non-linear generalisation of the Kalman Fitter after loose

matching between tracks and EM clusters [112]. This algorithm helps, in particular,

to account for bremsstrahlung losses.

The nominal analysis relies on electron candidates within the geometrical ac-

ceptance (| η |< 2.47), excluding the transition region between the barrel and the

end-cap regions of the calorimeter (1.37< | η |< 1.52), and with transverse energy

greater than 15 GeV. Here the candidate’s energy is taken from the calorimeter clus-

ter with a small correction, i.e., rescaling with respect to transverse energy for data

in order to account for layer calibrations, gain corrections and intermodule widening

effects. A smearing with respect to calorimeter energy resolution is applied to the

MC samples as well. However, its η and φ are taken from the track information.

Figure 5.3 shows the η distributions for electron candidates satisfying pre-selection

requirements.

Electrons are also required to satisfy reconstruction quality requirements:

candidates are excluded if they lie in regions of the LAr calorimeter encountering

transient issues during the run, such as dead regions of the detector, when the event
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was recorded. Then the electron candidates are selected using an identification qual-

ity which consists of calorimeter shower shape, track quality, track-cluster matching

and transition radiation energy criteria. This is re-optimised for the 2012 data in

order to cope with the increased level of pile-up and trigger rates.
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Figure 5.3: The leading (top row) and sub-leading (bottom row) electron η
distributions for the eµ+µe and ee final states on the left and right, respectively.
The distributions are obtained after the application of the lepton pT thresholds
and the low m`` requirement. The lower part of each plot shows the ratio be-
tween the data and the background expectation from MC, with the yellow band
indicating the total statistic and systematic uncertainty in the normalization.

In addition to the set of lepton standard requirements described above, the

H→WW (∗)→ `ν`ν analysis further suppresses SM backgrounds, aiming, in par-

ticular, to reduce the W+ jets contamination. This is done by applying not only

distance requirements with respect to the PV (see Section 4.2.2), but also isolation

cuts where tracks and the calorimeter cells energy are matched. The former, known

as the transverse impact parameter (d0), requires that tracks point back to the PV
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with a d0 significance less than 3. The d0 significance is defined as the ratio of the

d0 to its measured uncertainty as follows,

d0 w.r.t PV

sig(d0 w.r.t PV )
. (5.3)

Also the difference in z position with respect to the PV times sin θ, where θ represents

the azimuthal angle, is required to be less than 0.4 mm.

The Topological Clustering algorithm addressed in Chapter 3 is used for

calorimeter isolation requirements. The topological isolation energy is based on the

sum from topoclusters with positive energy, inside a cone of radius ∆R. Moreover,

the pile-up noise is also corrected. This correction is based on the event-by-event

ambient energy density to make it more robust against pile-up [111]. Given the large

background from W+ jets production, the isolation criteria have been tightened in

2012 with respect to the 2011 data. Track isolation uses the scalar sum of the trans-

verse momenta of all tracks within a 0.3 cone around the electron normalized to

the electron pT (pTcone30/pT ≡
∑

tracks(p
tracks
T )/pT). Optimisation studies on the

track isolation lead to pT dependent cuts. The calorimeter isolation similarly uses

the scalar sum of cell energy deposits projected onto the transverse plane for all

cells within a 0.3 cone around the electron. Then a pT independent relative require-

ment is applied (Etcone30/pT ≡
∑

cell(E
cell
T )/pT). The threshold values required for

electron candidates are summarised in Tab. 5.6.

Table 5.6: Isolation and impact parameter requirements for electron candidates
in H→WW (∗)→ `ν`ν analysis.

Cut Threshold

Etcone30/pT < 0.16

pTcone30/pT < 0.12 (0.16) if 15 ≤ pT < 25 GeV (pT ≥ 25 GeV)

d0 significance < 3.0

z0 sin θ 0.4 mm

The small differences between observed data and MC prediction arising from

identification, impact parameter, isolation and the calorimeter pile-up correction

are accounted for as a function of the reconstructed pT for each electron candidate.

These scale factors are measured using the Z tag-and-probe technique and they are

consistent with unity to within 1-2%. These factors are applied as ”weights” in the

H→WW (∗)→ `ν`ν analysis. Figure 5.4 shows the pT distribution for the selected

electron candidates after the pre-selection criteria are applied.
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Figure 5.4: The leading (top row) and sub-leading (bottom row) electron pT

distributions for the eµ+µe and ee final states on the left and right, respectively.
The distributions are obtained after the application of the lepton pT thresholds
and the low m`` requirement. The lower part of each plot shows the ratio be-
tween the data and the background expectation from MC, with the yellow band
indicating the total statistic and systematic uncertainty in the normalization.

Finally, the selected electrons have to satisfy an object isolation requirement,

known as overlap removal. An electron is vetoed if it is within a ∆R cone of 0.1

with a well identified muon, as described in the Section 5.6.1.2. Additionally, if

two electrons are matched within a ∆R cone of 0.1, the lower-pT electron will be

discarded.
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5.6.1.2 Muon Selection

Muon candidates are reconstructed using an algorithm that combines the infor-

mation coming from the ID and the MS. The muon trajectory is measured by

both systems separately at first and then combined using a statistical combination

approach [113].

To reduce mis-identification and to improve on the muon momentum reso-

lution, the H→WW (∗)→ `ν`ν analysis applies quality requirements on the muon

track reconstruction. Muon tracks are required to have at least two hits in the pixel

detector (one of them in the first layer) and six or more hits in the SCT. Tracks are

vetoed if they have more than two holes in the SCT and pixel detectors, as well as

tracks with an excessive amount of outlier hits in the TRT. In addition, kinematic

cuts of pT> 15 GeV and |η|< 2.4 are applied.

Isolation cuts are required to the muons in order to reduce backgrounds from

W+ jets and multi-jets production. To deal with high pile-up, the calorimeter iso-

lation quantity is corrected for its dependence on the number of reconstructed ver-

tices. A linear correction was applied to the muon calorimeter isolation in order

to maintain a flat efficiency with respect to pile-up. The isolation correction is

applied to observed data and simulation in the same manner. Then the isolation

cuts, PtCone30/pT and EtConeCor30/pT, are optimised in different pT bins. A scan

over the significance, including the effect of the large systematic uncertainty of the

W+ jets, is used to find the optimal threshold value,

Nsig√
Nbkg + σ2

W+ jets

. (5.4)

To account for larger impact parameter uncertainties at high η, the analysis

also uses z0 sin θ and d0 significance thresholds. A summary of all the selection

criteria for muon candidates is summarised in Tab. 5.7.

Table 5.7: Isolation and impact parameter requirements for muon candidates
in H→WW (∗)→ `ν`ν analysis.

Cut Threshold

EtConeCor30/pT < 0.014pT − 0.15 and < 0.20

PtCone30/pT < 0.01pT and < 0.15

d0 significance < 3.0

z0 sin θ < 1.0 mm
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Finally, to quantify the differences between MC prediction and observed data,

all the selection requirements are computed using a Z tag-and-probe sample. The

derived scale factor is consistent with 1 within a percent systematic error. The muon

efficiency after all selection criteria described above is around 70% for a Higgs boson

with mH = 125 GeV. Figure 5.5 and Fig. 5.6 show the pT and η distributions of the

selected muon candidates after the pre-selection requirements, respectively.
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Figure 5.5: The leading (top row) and sub-leading (bottom row) muon pT dis-
tributions for the eµ+µe and µµ final states on the left and right, respectively.
The distributions are obtained after the application of the lepton pT thresholds
and the low m`` requirement. The lower part of each plot shows the ratio be-
tween the data and the background expectation from MC, with the yellow band
indicating the total statistic and systematic uncertainty in the normalization.
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Figure 5.6: The leading (top row) and sub-leading (bottom row) muon η distri-
butions for the eµ+µe and µµ final states on the left and right, respectively. The
distributions are obtained after the application of the lepton pT thresholds and
the low m`` requirement. The lower part of each plot shows the ratio between the
data and the background expectation from MC, with the yellow band indicating

the total statistic and systematic uncertainty in the normalization.

5.6.2 Jets

One of the features of high-energy proton-proton collisions at the LHC is the pro-

duction of highly collimated sprays of energetic hadrons originating from quarks

and gluons in the primary collisions. The large centre-of-mass energy at the LHC

enables the production of Lorentz-boosted heavy particles as well. When massive

particles decay hadronically, the products tend to be collimated in a localized area

of the detector. In such situations, the resulting hadrons are clustered into a single

object known as a jet.
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In the H→WW (∗)→ `ν`ν analysis the jets are reconstructed using the anti-

kt algorithm with distance parameter R = 0.4 [114]. The anti-kt algorithm acts by

iteratively merging the nearest object constructed from topoclusters deposited in

the calorimeters.

Pile-up interactions contribute with spurious energy to the input of the jet

algorithms. This undesirable effect should be under control and reduced as much

as possible. With this purpose, two data-derived corrections have been developed

to mitigate the jet energy dependence on pile-up. The first relies on the product

of the event pT density and the jet area [115]. The second correction depends on

the number of reconstructed vertices and the mean number of expected interactions,

which primarily affects jets in the forward region. Note that this second correction

also addresses the effects of out-of-time pile-up. After these two corrections, energy-

and η-dependent MC calibrations (typically 40%) are applied to all jets. Finally, a

residual correction (few percent) from in situ measurements is applied to refine the

jet calibration [116].

ATLAS analyses require jets satisfying general quality criteria. This primary

selection rejects jets that do not originate from the initial hard scatter. The main

backgrounds to jets coming from collisions events are: beam-gas events, where one

proton of the beam collides with the residual gas within the beam pipe; beam-halo

events, caused by interactions in the tertiary collimators in the beam-line far away

from the detector; cosmic ray muons overlapping in-time with collision events; and

electronic noise in the calorimeters. The jet quality cuts efficiently reject jets coming

from the background processes described above, while keeping a high efficiency, over

99.8%, for jets produced in proton-proton collisions.

In the H→WW (∗)→ `ν`ν analysis, two selection criteria have been optimised

to further suppress pile-up dependence: the pT threshold, used for jet counting, and

the JVF (see Section 4.2.2), to reduce the contribution of pile-up jets in the central

region. The selection requires | JVF |> 0.5 for jets with pT< 50 GeV. Since JVF

relies on tracking information, this can only be computed for jets within | η |< 2.4.

This motivates the study of the pT threshold separately for central and forward jets,

as the latter set does not have any pile-up suppression. Optimisation investigations

result in requiring pT> 25 GeV for jets within | η |< 2.4, and pT> 30 GeV if the jet

is located in 2.4< | η |< 4.5. Finally, to be consistent with the statement of well

isolated objects, the analysis vetoes jets within a cone of ∆R = 0.3 with lepton

candidates, as they are defined in Section 5.6.1. Figure 5.7 shows the pT and η

distributions of the higher pT jet candidate from 8 TeV events, containing at least

one jet in the final state, after applying the pre-selection requirements.
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Figure 5.7: The pT (left) and η (right) distributions of the leading jet for all
events from 8 TeV data satisfying the pre-selection criteria. The eµ+µe final
states are shown on top and ee+µµ on the bottom. The lower part of each plot
shows the ratio between the observed data and the background expectation from
simulation, with the yellow band indicating the total statistic and systematic

uncertainty in the normalization.

b-tagging jets

The number of jets identified by a b-tagging algorithm (Nb-jet) is used for the H+1j

and H+2j analyses. In these two categories top quark events, both tt̄ and elec-

troweak production of single top quarks, form a substantial background. If tt̄ and

W t processes decay leptonically, the final state can not be distinguished from the

Higgs boson signal as far as leptons are concerned. Therefore, the most obvious way

to suppress these backgrounds is to exploit the fact that nearly all top quark decays

lead to b-quark jets (b-jet). In this light, the H→WW (∗)→ `ν`ν analysis vetoes
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events in which any jet is tagged as a b-jet. The b-tagging algorithm combines the

result of a baseline tagging algorithm together with impact parameter and secondary

vertex information in a neural network architecture [117, 118]. The b-tagging perfor-

mance is calibrated for several working point efficiencies for 2012 running conditions,

as detailed in Ref. [119, 120]. The H→WW (∗)→ `ν`ν analysis uses the 85% effi-

ciency operating point based on the results obtained from optimisation studies. It

is found that the dependence of the statistical signal significance and the operating

point is negligible. Since these significance studies are performed without consider-

ing the effect of systematics, it was decided to minimise the remaining top quark

background by selecting the option with the highest efficiency.

5.6.3 Missing Transverse Momentum and Hadronic Recoil

The /ET treatment is one of the most important components of theH→WW (∗)→ `ν`ν

analysis. The signature of the Higgs boson in this decay mode involves the pres-

ence of two neutrinos coming from the W bosons in the final state. In light of this,

the /ET measurement becomes a key variable in order to suppress processes with

non-genuine /ET such as Drell-Yan and multi-jets.

Nevertheless, the high pile-up environment, specially during the 2012 data-

acquisition period, generated a challenging situation in terms of /ET measurement

and resolution, as extensively investigated in Chapter 4. This section summarises

the different /ET reconstruction methods used in the H→WW (∗)→ `ν`ν analysis.

5.6.3.1 /ET Selection

The /ET spectrum presents significant differences depending on the background pro-

cesses that dominate in each lepton analysis category. Figure 5.8 shows the Emiss
T,rel

distributions after the pre-selection requirements for eµ+µe and ee+µµ final states

separately. Moreover, the background composition in the H→WW (∗)→ `ν`ν ana-

lysis varies with the number of jets associated with the selected event. For this

reason, the /ET measurement also is dependent on the number of jets in the final

state. Based on these features, the Emiss
T requirement is optimised in each of the

jet categories for eµ+µe and ee+µµ final states separately after the pre-selection

requirements.

In events with Njet≤ 1, multi-jets and Drell-Yan events are suppressed using

Emiss
T,rel quantities. In the eµ+µe lepton category, Drell-Yan decaying into a pair of τ

leptons process, is the main background contribution. The Emiss
T,Rel > 25 GeV thres-

hold provides the highest signal-to-background ratio using the 7 TeV data samples.
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Figure 5.8: The Emiss
T,rel distributions for different (same) flavour events after pre-

selection cuts on the left (right) from 8 TeV data. The background expectation
from the MC simulation is also shown. The Higgs signal is overlaid as a red

curve.

In this case, the /ET measurement still tends to be small in these events since

the neutrinos from the τ decays are usually back-to-back. The other backgrounds

represent genuine /ET measurement, as well as the Higgs signal, so the investigations

show that a higher threshold value results in a lower signal-to-background ratio.

For the features mentioned above, it is decided to keep this threshold value for the

8 TeV data as well. Figure 5.9 shows the Emiss
T,Rel distribution after the pre-selection

requirements for eµ+µe events with up to 1 jet.
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events passing the pre-selection criterion and with up to 1 jet. The background
expectation from the MC simulation is also shown. The Higgs signal is overlaid

as a red curve.
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For ee+µµ final states, a higher threshold is used given the large amount of

Drell-Yan background, as can be observed in the left distribution of Fig. 5.10. Due

to the fake /ET measurement in events with high pile-up, especially for the 8 TeV

data, a combined requirement using two /ET reconstruction methods is applied to

further reduce this background contamination. The optimisation results, based on

the first ∼ 6 fb−1 of data at 8 TeV, represents the best choice of a combination of

cuts on Emiss
T,Rel and Emiss,track

T,Rel . The optimal operating point, in terms of signal ac-

ceptance and background rejection, is found at 45 GeV. The benefit of combining

two /ET measurements to suppress Drell-Yan events is shown in the right distribu-

tion of Fig. 5.10, which shows the Emiss,track
T,Rel spectrum after the Emiss

T,rel > 45 GeV

requirement.
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Figure 5.10: Left: the Emiss
T,rel distribution from 8 TeV data for ee+µµ events

with Njets≤ 1 and passing the pre-selection cuts. Right: Emiss,track
T,Rel after the

pre-selection and Emiss
T,rel > 45 GeV requirement.

The additional threshold on Emiss,track
T,Rel is applied near the end of the event

selection. The reason for this is that the CRs (see Section 5.9) can benefit from

higher statistics if the Emiss,track
T,Rel requirement is not applied after the pre-selection.

The projected /ET,Rel measurement is biased in events with high jet activity.

A high number of jets in the final state increases the probability of randomly com-

puting the projection in the direction of any nearby jet. In light of this, the H+2j

category does not uses projected /ET,Rel quantities because of the large number of

reconstructed jets in the final state. The eµ+µe final states require Emiss
T > 20 GeV.

The Emiss
T distribution for eµ+µe final states in the H+2j category is shown in

Fig. 5.11. For ee+µµ final states, the /ET selection combines Emiss
T > 45 GeV and

Emiss, STVF
T > 35 GeV requirements. The combination of the high level of hadronic

activity from the extra jets, in addition to the high pile-up conditions, leads to the

Emiss
T,STVF reconstruction performing better than Emiss,track

T for these events [121]. The
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right distribution in Fig. 5.12 shows the Emiss
T,STVF spectrum for ee+µµ final states

in the H+2j category after requiring Emiss
T > 45 GeV. This plot shows how the

additional threshold on Emiss
T,STVF > 35 GeV helps in reducing the Drell-Yan events

that survive after the cut on Emiss
T with a low impact on the signal acceptance.
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Figure 5.11: The Emiss
T distribution for eµ+µe final states after the pre-selection

cuts for H+2j category. 8 TeV data and MC simulation are shown. The Higgs
boson signal, with mH = 125 GeV, is overlaid as a red curve.
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Figure 5.12: Left: Emiss
T distribution for ee+µµ final states in the H+2j cate-

gory after applying the pre-selection requirements. Right: Emiss, STVF
T distribu-

tion is shown for event candidates satisfying the Emiss
T > 45 GeV criteria. 8 TeV

data and MC simulation for SM processes are shown. The Higgs boson signal,
with mH = 125 GeV, is overlaid as a red curve in both plots.

Table 5.8 summarises the different /ET reconstructions and their corresponding

threshold values in the H→WW (∗)→ `ν`ν analysis for each lepton final state and

jet category.
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Table 5.8: Threshold values on different /ET and /ET,Rel reconstruction tech-
niques applied in each of the H→WW (∗)→ `ν`ν analysis categories. The symbol
”-” indicates no /ET selection in the corresponding reconstruction and category.

Reconstruction
H+0j and H+1j Analyses H+2j Analysis

ee+µµ eµ+µe ee+µµ eµ+µe

Emiss
T Emiss

T,Rel > 45 GeV Emiss
T,Rel > 25 GeV Emiss

T > 45 GeV Emiss
T > 20 GeV

Emiss, STVF
T - - Emiss, STVF

T > 35 GeV -

Emiss,track
T Emiss,track

T > 45 GeV - - -

5.6.3.2 Soft Hadronic Recoil in Drell-Yan Events

For the H+0j and H+1j categories with ee+µµ final states an additional quantity is

used to further suppress Drell-Yan contamination. In what follows, this variable will

be referred to as frecoil. The frecoil quantity is a measurement of the soft hadronic

recoil opposite to the system of the leptons and any accompanying jet for Njets≤ 1.

This quantity is defined for the H+0j analysis as the ratio of the recoil momentum

and the transverse momentum of the dilepton system (p``T ),∣∣∣∣∣ ∑
jets with pT>10 GeV

|JVF| × ~p jet
T

∣∣∣∣∣
p``T

. (5.5)

In the H+1j analysis, p``jT is used in place of p``T , where it is the modulus of the

vectorial sum defined by ~p ``jT = ~p ``T + ~p jet
T . The numerator in Eq. 5.5 represents the

recoil momentum. This is defined as the vectorial sum pT of the low-pT jets in the

φ quadrant opposite to ~p ``T and ~p ``jT for H+0j and H+1j analyses, respectively.

Low-pT jets are defined as those with pT> 10 GeV and each of them is weighted by

its JVF value.

The frecoil distribution of Drell-Yan events is distinct from that of non Drell-

Yan processes, because of the different event topology. The dilepton system in

Drell-Yan events is balanced by soft hadronic activity, resulting in large values of

frecoil, whereas the dilepton system in WW , top, Higgs signal, and similar processes

is balanced by a combination of recoiling neutrinos and soft hadronic activity, which

results in small values of frecoil. Figure 5.13 shows the frecoil distributions for Drell-

Yan, non Drell-Yan and signal processes in simulated events with no jets in the final

state.
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The thresholds used in the H→WW (∗)→ `ν`ν analysis are frecoil < 0.05 for

the H+0j bin and 0.2 for the H+1j mode; this results in a Z/DY background

rejection of ∼ 80% and ∼ 50%, respectively. Note that the requirement on frecoil

is evaluated almost at the end of the event selection (see Section 5.7), following the

strategy used for applying the Emiss,track
T,Rel > 45 GeV requirement.
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Figure 5.13: The frecoil distributions for ee+µµ with no jets final state after
the selection requirement on m`` < 50 GeV. Simulated Drell-Yan, non Drell-Yan
and signal processes are shown. The total number of events is normalised to

unity for easier comparison.

5.7 Event Selection

Basic pre-selection criteria used in the H→WW (∗)→ `ν`ν analysis have been sta-

blished in Section 5.5, whereas object reconstruction requirements are addressed in

Section 5.6. In the current section, kinematic event selection is presented for each

jet category in which this analysis is divided.

5.7.1 Analyses Categorised in Njets

The H→WW (∗)→ `ν`ν events are categorised by the number of jets in the final

state. This leads to the H+0j, H+1j and, H+2j categories, following Ref. [26]

introduced in Section 5.2. There are two main reasons for this jet categorisation

as a strategy. These are differences in the Higgs boson production mechanism and

different SM background rates and composition.

For the former, Tab. 5.9 quotes the fraction of expected Higgs boson signal,

with mH = 125 GeV, produced by ggF and VBF for different number of jets in
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the final state. As observed, the Higgs boson production mechanism is related to

the number of final jets. In Njets≤ 1 events, the signal mainly originates from the

ggF production mechanism, whereas in the Njets≥ 2 case the Higgs boson is almost

entirely produced by the VBF process.

Table 5.9: Expected fractions of the ggF and VBF production modes for a Higgs
boson with mH = 125 GeV in each jet category after the H→WW (∗)→ `ν`ν pre-

selection and /ET requirements for all lepton final states combined.

Njets

Production Mechanism

ggF VBF

≤ 1
= 0 53.5% 2%

= 1 25% 11%

≥ 2 21.5% 87%

In addition, the latter motivation refers to the different SM background rate

and composition depending on the number of jets in the event. After the /ET selection

described in Section 5.6.3.1, the main backgrounds are top quark and Drell-Yan for

eµ+µe and ee+µµ final states, respectively. However, the contribution of these

processes is very different for each Njets case, as shown in Fig. 5.14.
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Figure 5.14: Njets distributions for eµ+µe (left) and ee+µµ (right) from 8 TeV
data after pre-selection and /ET requirements: Emiss

T,rel > 25 GeV and > 45 GeV,
respectively. The SM background expectation from the MC simulation is also
shown. The hatched area represents the uncertainty on the signal and background

yields from statistical, experimental, and theoretical sources.

In light of this, to optimise the H→WW (∗)→ `ν`ν selection specific require-

ments are considered in each jet category. These are evaluated depending on the
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kinematic differences between the Higgs boson signal and the significant backgrounds

in each case.

5.7.2 H+0j Specific Selection

The H+0j category selects events without reconstructed jets satisfying the selection

defined in Section 5.6.2. The jet veto removes most of the top quark backgrounds

that survive after the Emiss
T,rel requirement. As observed in Fig. 5.14, events without

jets are dominated by WW and Drell-Yan backgrounds for the eµ+µe and ee+µµ

final states, respectively. First, a cut on the opening angle between the dilepton

system and the Emiss
T direction (∆φll,Emiss

T
) is required to be greater than π/2. This

helps to remove pathological events in which the Emiss
T is pointing in the direction of

the lepton pair. Figure 5.15 shows that these are mostly Drell-Yan events. Moreover,

the ∆φll,Emiss
T

requirement has a very low cost in signal acceptance.

In the next selection stage, the transverse momentum of the dilepton system

is required to be p``T > 30 GeV. This criterion mainly rejects Drell-Yan contribution

since it populates the low-p``T region, as observed in Fig. 5.16 for eµ+µe and ee+µµ

final states, separately.
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Figure 5.15: ∆φll,Emiss
T

distributions for H+0j events in 8 TeV data. The plots

are shown for eµ+µe, on the left, and ee+µµ, on the right, after the jet veto.
The background expectation from the MC simulation is also shown. The hatched
area represents the total uncertainty on the sum of the signal and background
yields from statistical, experimental, and theoretical sources. The expected Higgs

signal, with mH = 125 GeV, is represented as a red curve.

After applying the p``T cut, the Drell-Yan contamination is reduced by a factor

∼ 15 and the WW background represents ∼ 70% of the total background in eµ+µe

final states. For ee+µµ, Z/DY processes are reduced to the level of the expected
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Figure 5.16: p``T distributions for H+0j events in 8 TeV data. The plots are
shown for eµ+µe on the left and ee+µµ on the right after the requirement on
∆φll,Emiss

T
. The hatched area represents the total uncertainty on the sum of

the signal and background yields from statistical, experimental, and theoretical
sources. The expected Higgs signal (mH = 125 GeV) is stacked on top of the SM

backgrounds and it is represented by the red area.
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Figure 5.17: The m`` distribution for eµ+µe events with Njets = 0 in 8 TeV
data. The events with m`` < 50 GeV correspond to the signal region except that
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the predicted SM background. For comparison, the expected ratio of the signal

plus background to the background alone is also shown as a red curve.
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WW background. Then, a set of topological selections takes advantage of the con-

figuration of the two leptons. The leptons emerge in the same direction due to the

spin correlations of H→WW (∗) decay and the V −A structure of the W decay.

The invariant mass of the dilepton system (m``) is required to be small (< 50 GeV).

The m`` distribution is shown in Fig. 5.17 for the H+0j category with eµ+µe final

states. It is observed that the Higgs expected signal, with a mass of 125 GeV, is

located in the low-m`` region, whereas approximately half of the WW contribution

forms a long tail in the high-m`` excluded region.

Lastly, the azimuthal separation between the two leptons (∆φ``) is required to

be ∆φ``< 1.8 radians. The ∆φ`` distributions are shown in Fig. 5.18 for eµ+µe and

ee+µµ, separately. Moreover, in ee+µµ final states, additional cuts on frecoil < 0.05

and Emiss,track
T,Rel > 45 GeV are applied to further reduce the Drell-Yan background as

was discussed in Section 5.6.3. Table 5.10 and Tab. 5.11 show the expected number

of signal (mH = 125 GeV) and background events after applying each cut in the

H+0j analysis, for an integrated luminosity of 20.7 fb−1, for the eµ+µe and ee+µµ

final states, respectively.
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Figure 5.18: ∆φ`` distributions for H+0j events in 8 TeV data. The plots are
shown for eµ+µe on the left and ee+µµ on the right after the requirement on
m``. Note that for the ee+µµ final states, the Emiss,track

T > 45 GeV cut is applied
at this stage. The hatched area represents the total uncertainty on the sum of
the signal and background yields from statistical, experimental, and theoretical
sources. The expected Higgs signal (mH = 125 GeV) is stacked on top of the SM

backgrounds and it is represented by the red area.

At the end of the H+0j selection, nearly the entire background is composed

of WW events. In eµ+µe case the second and third most contributing processes

are non-WW diboson and W+ jets, respectively. In the ee+µµ, Drell-Yan events

represent the second main contamination, whereas W+ jets is the smallest.
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Table 5.10: Event yields for the H+0j category in 8 TeV data for eµ+µe final
states. The observed and expected yields for the Higgs signal and SM back-
ground are shown. The composition of the total background is given on the
right. Energies, masses, and momenta are in units of GeV. All uncertainties are

statistical.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>25 46526

46660 327.6 7432 778 30700 3360 3356 840
± 80 ± 2.2 ± 23 ± 21 ± 60 ± 25 ± 40 ± 10

Njets = 0 9024
9000 171.7 4901 368 506 310 2440 470
± 40 ± 1.6 ± 19 ± 12 ± 8 ± 7 ± 32 ± 7

∆φll,Emiss
T

>π
2 8100

8120 170.4 4839 356 491 305 1687 437
± 40 ± 1.6 ± 19 ± 12 ± 8 ± 8 ± 29 ± 6

p``T > 30 5497
5485 156.0 4048 288 450 280 100 319
± 27 ± 1.5 ± 17 ± 12 ± 8 ± 8 ± 14 ± 5

m`` < 50 1453
1308 124.0 964 110 68.5 45.5 18 101.5
± 14 ± 1.3 ± 8 ± 6 ± 3.2 ± 2.8 ± 7 ± 2.4

∆φ``< 1.8 1399
1244 119.2 925 107 67.2 44.4 13 87.5
± 13 ± 1.3 ± 8 ± 6 ± 3.1 ± 2.8 ± 7 ± 2.3

Table 5.11: Event yields for the H+0j category in 8 TeV data for ee+µµ final
states. The observed and expected yields for the Higgs signal and SM back-
ground are shown. The composition of the total background is given on the
right. Energies, masses, and momenta are in units of GeV. All uncertainties are

statistical.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>45 39330

38430 189.2 3691 404 15540 1776 16710 306
± 190 ± 1.7 ± 16 ± 11 ± 50 ± 18 ± 190 ± 14

Njets = 0 16446
15550 103.7 2436 191 281 175 12300 172
± 160 ± 1.2 ± 13 ± 5 ± 6 ± 6 ± 160 ± 11

∆φll,Emiss
T

>π
2 13697

12970 103.5 2431 188 277 174 9740 161
± 140 ± 1.2 ± 13 ± 5 ± 6 ± 6 ± 140 ± 10

p``T > 45 5670
5650 99.3 2300 172 264 167 2610 133.9
± 70 ± 1.2 ± 13 ± 5 ± 6 ± 5 ± 70 ± 3.6

m`` < 50 2314
2393 84.0 759 64.1 53.4 42.2 1412 62.1
± 22 ± 1.1 ± 7 ± 2.8 ± 2.9 ± 2.7 ± 20 ± 2.5

Emiss,track
T,Rel >45 1032

993 62.9 646 41.5 46.7 38.8 200 19.4
± 10 ± 0.9 ± 7 ± 2.0 ± 2.7 ± 2.5 ± 5 ± 1.5

∆φ``< 1.8 1026
983 62.5 644 41.5 46.0 38.8 195 18.4
± 10 ± 0.9 ± 7 ± 2.0 ± 2.7 ± 2.5 ± 5 ± 1.5

frecoil< 0.05 671
647 41.8 515 29.8 19.4 21.8 48.6 12.0
± 7 ± 0.8 ± 6 ± 1.6 ± 1.8 ± 1.9 ± 2.6 ± 1.3

5.7.3 H+1j Specific Selection

The H+1j category requires events with exactly one jet. These events are mainly

dominated by top quark events, as it can be seen in Fig. 5.14. The top quark

contamination represents about 70% of the total background in the H+1j analysis
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for eµ+µe final states. In the ee+µµ case, the contribution from top decay processes

is comparable to the expected Drell-Yan yield. To suppress the tt̄ contamination,

jets tagged as b-jets are vetoed (Nb-jet = 0). This b-jet veto achieves a reduction in

the tt̄ yield by a factor ∼ 4 in both eµ+µe and ee+µµ final states. In order to reject

Z → ττ events in eµ+µe final states, a requirement on the ττ invariant mass (mττ )

is required; this is similar to the Z → `` veto applied in the pre-selection for ee+µµ

final states. The mττ is reconstructed using the collinear approximation [122] which

assumes that the neutrinos are collinear with the leptons in the τ decay and, that

they are the only source of /ET . If the mass of the ττ system is consistent with the

Z boson mass; i.e., satisfying |mττ −mZ |< 25 GeV, the event is rejected.
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Figure 5.19: m`` distributions for H+1j events in 8 TeV data. The plots are
shown for eµ+µe, on the left, and ee+µµ, on the right, after the b-jet and Z → ττ
vetoes. The hatched area represents the total uncertainty on the sum of the signal
and background yields from statistical, experimental, and theoretical sources.
The expected Higgs boson signal, mH = 125 GeV, is stacked on top of the SM

backgrounds and it is represented by the red area.

Lastly, H+1j final candidates must pass the requirements on m`` < 50 GeV

and ∆φ`` < 1.8, as they are described for the H+0j category in Section 5.7.2.

Figure 5.19 shows the m`` distributions after the b-jet and Z → ττ vetoes. The

∆φ`` distributions are represented after the upper bound on m``. Note that to

further reduce the Z/DY contribution in ee+µµ final states, extra requirements are

applied on Emiss,track
T,Rel > 45 GeV and frecoil < 0.2.

Table 5.12 and 5.13 show the observed 8 TeV data events and the expected

yields for the Higgs boson signal, with mH = 125 GeV, and SM background ap-

plying the corresponding H+1j requirements for ee+µµ and eµ+µe final states,

respectively.
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Figure 5.20: ∆φ`` distributions for H+1j events in 8 TeV data. The plots are
shown for eµ+µe on the left and ee+µµ on the right after the requirement on
m``. Note that for the ee+µµ final states, the Emiss,track

T > 45 GeV cut is applied
at this stage. The hatched area represents the total uncertainty on the sum of
the signal and background yields from statistical, experimental, and theoretical
sources. The expected Higgs signal, mH = 125 GeV, is stacked on top of the SM

backgrounds and it is represented by the red area.

Table 5.12: Event yields for the H+1j category in 8 TeV data for ee+µµ final
states. The observed and expected yields for the Higgs signal and SM back-
ground are shown. The composition of the total background is given on the
right. Energies, masses, and momenta are in units of GeV. All uncertainties are

statistical.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>45

39330 38430 189.2 3691 404 15540 1776 16710 306
± 190 ± 1.7 ± 16 ± 11 ± 50 ± 18 ± 190 ± 14

Njets = 1 8354
8110 54.3 820 137 2744 885 3470 60
± 80 ± 1.0 ± 7 ± 8 ± 19 ± 13 ± 80 ± 9

Nb-jet = 0 5192
4800 47.7 723 120 719 256 2930 44
± 70 ± 0.9 ± 7 ± 8 ± 10 ± 7 ± 70 ± 8

m`` < 50 1773
1537 37.6 194.5 34.8 166 64.9 1057 20.1
± 16 ± 0.7 ± 3.5 ± 1.7 ± 5 ± 3.4 ± 14 ± 1.5

Emiss,track
T,Rel > 45 440

418 21.4 148.1 20.6 128 51.9 64 5.1
± 7 ± 0.6 ± 3.0 ± 1.3 ± 5 ± 3.1 ± 4 ± 0.8

∆φ``< 1.8 430
407 20.4 143.2 19.9 126 51.0 63 4.5
± 7 ± 0.5 ± 3.0 ± 1.2 ± 4 ± 3.1 ± 4 ± 0.7

frecoil< 0.2 346
315 16.2 128.4 17.4 97 44.3 25.1 3.1
± 6 ± 0.5 ± 2.8 ± 1.2 ± 4 ± 2.9 ± 2.1 ± 0.6

5.7.4 H+2j Specific Selection

The H+2j category requires at least two jets in the final state. After applying the

Njets ≥ 2 requirement, nearly the entire total background comes from top quark and
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Table 5.13: Event yields for the H+1j category in 8 TeV data for eµ+µe final
states. The observed and expected yields for the Higgs signal and SM back-
ground are shown. The composition of the total background is given on the
right. Energies, masses, and momenta are in units of GeV. All uncertainties are

statistical.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>25 46526

46660 327.6 7432 778 30700 3360 3356 840
± 80 ± 2.2 ± 23 ± 21 ± 60 ± 25 ± 40 ± 10

Njets = 1 9527
9460 96.7 1656 265 4981 1604 757 195
± 40 ± 1.2 ± 10 ± 12 ± 25 ± 17 ± 15 ± 5

Nb-jet = 0 4320
4239 84.8 1460 224 1272 457 667 160
± 25 ± 1.1 ± 10 ± 9 ± 13 ± 9 ± 14 ± 4

Z→ ττ veto 4138
4024 84.4 1417 217 1220 436 580 155
± 25 ± 1.1 ± 9 ± 9 ± 13 ± 9 ± 14 ± 4

m`` < 50 886
829 63.4 269 69 216 79 149 45.6
± 11 ± 0.9 ± 4 ± 5 ± 6 ± 4 ± 5 ± 2.3

∆φ``< 1.8 728
650 58.8 247 60.5 204 76 27.8 34.5
± 9 ± 0.9 ± 4 ± 3.5 ± 6 ± 4 ± 3.3 ± 2.0

Z/DY processes in eµ+µe and ee+µµ final states, respectively. In order to deal with

such background contaminations, the b-veto is applied in addition to the Z/DY → ττ

veto, as is done in the H+1j category with eµ+µe final states. Further tt̄ rejection

is obtained by requiring a small total transverse momentum (ptot
T < 45 GeV). The

ptot
T is the magnitude of the following vectorial sum,

~pT
tot = ~p ``T + ~p jjT + ~Emiss

T , (5.6)

where ~p jjT is the vectorial sum of the transverse momenta of the two highest-pT jets.

These will be referred to as tagged jets in the following.

After the above selection, a set of VBF-specific topological variables are ex-

ploited in order to enhance the Higgs boson signal significance. The VBF process

is characterised by the kinematics of the pair of tagged jets and the activity in the

rapidity gap between them. For the former, the invariant mass of the tagged jets

(mjj) and their rapidity gap separation (∆yjj) are used. The rapidity gap of the

two tagged jets is defined as a positive quantity: ∆yjj ≡ |yj1 − yj2 |. The events are

required to satisfy ∆yjj > 2.8 and mjj > 500 GeV. Figure 5.21 and 5.22 show the

∆yjj and mjj distributions, respectively.

The next two selections rely on the activity within the rapidity gap between

the tagged jets. There is a relatively low level of hadronic activity expected for the

VBF signal since weak bosons do not exchange colour. The number of extra jets

in this gap quantifies such activity, so requiring the absence of jets in this region
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Figure 5.21: The ∆yjj distributions for the H+2j analysis category in 8 TeV
data, after the b-jet veto and ptot

T < 45 GeV requirements with eµ+µe and ee+µµ
final states. The expected SM background contributions are shown. The VBF
signal magnified by a factor of 50 is represented by the black curve. The hatched
area represents the uncertainty on the signal and background yields from statis-

tical, experimental, and theoretical sources.
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Figure 5.22: The mjj distributions for the H+2j analysis category in 8 TeV
data, after the |∆yjj | > 2.8 requirement with eµ+µe and ee+µµ final states. The
expected SM background contributions are shown. The VBF signal magnified by
a factor of 50 is represented by the black curve. The hatched area represents the
uncertainty on the signal and background yields from statistical, experimental,

and theoretical sources.

suppresses processes where the jets are produced via QCD radiation. In addition,

the Higgs boson decay products tend to be in this central region because of the high

boost transferred to them. In this light, the VBF topological requirements include

both an outside lepton and a central jet activity requirements. The first is known as

the central jet veto (CJV). This rejects events containing any jet with pT> 20 GeV
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inside the rapidity gap defined by the tagged jets. This results in a reduction of

events produced via ggF process.
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Figure 5.23: The m`` distributions for the H+2j analysis category in 8 TeV
data, after the OLV requirement (which accepts only events with both leptons
between the two tagging jets) with eµ+µe and ee+µµ final states. The expected
SM background contributions are shown. The hatched area represents the un-
certainty on the signal and background yields from statistical, experimental, and

theoretical sources.
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Figure 5.24: The ∆φ`` distributions for H+2j analysis category in 8 TeV data,
after the m`` < 60 GeV selection with eµ+µe and ee+µµ final states. The ex-
pected SM background contributions are shown. The hatched area represents the
uncertainty on the signal and background yields from statistical, experimental,

and theoretical sources.

After the CJV criterion the contribution of tt̄ is not dominant and is reduced

to the level of WW in eµ+µe final states. The second requirement is the so-called

outside lepton veto (OLV). This requires the lepton to be within the rapidity gap
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between the tagged jets. These two jet activity vetoes achieve a factor ∼3 reduction

of the total background, whereas the VBF Higgs signal is kept at the same level.

Finally, requirements on m`` < 60 GeV and ∆φ`` < 1.8 are applied for the H+0j

and H+1j categories. The m`` and ∆φ`` distributions are shown in Fig. 5.23 and

Fig. 5.24, respectively.

Table 5.14 and Tab. 5.15 show the expected number of VBF signal (mH =

125 GeV) and background events after applying each cut in the H+2j analysis,

using a total integrated luminosity of 20.7 fb−1, for the eµ+µe and ee+µµ final

states, respectively.

Table 5.14: Event yields for the H+2j category in 8 TeV data with eµ+µe
final states. The observed and expected yields for the Higgs signal and SM
background are shown. In this table, the ggF Higgs boson signal is treated as
background and so, included in ”Total bkg.” column. The column tagged as
VBF includes the Higgs boson contribution from VH production mechanism,
which is negligible after the VBF-related criteria. The composition of the total
background is given on the right. Energies, masses, and momenta are in units of

GeV. All uncertainties are statistical.

Observed Total bkg.
Signal mH = 125GeV

WW V V tt̄
Single

Z+jets W+jets
VBF ggF Top

Emiss
T >20 84324

83810 77.5 376.5 8801 1292 49910 5051 16570 1766
± 130 ± 1.4 ± 2.2 ± 23 ± 26 ± 80 ± 31 ± 80 ± 16

Njets ≥ 2 48723
47740 42.6 66.9 939 299 41850 2368 1811 437
± 80 ± 0.9 ± 0.9 ± 7 ± 15 ± 70 ± 21 ± 25 ± 8

Nb-jet = 0 5852
5697 30.6 49.1 685 202 2932 351 1310 171
± 32 ± 0.7 ± 0.8 ± 6 ± 7 ± 21 ± 8 ± 18 ± 5

ptot
T < 45 4790

4615 26.7 40.8 591 155 2319 287 1168 126
± 29 ± 0.7 ± 0.7 ± 6 ± 7 ± 18 ± 8 ± 17 ± 4

Z→ ττ veto 4007
3846 24.5 38.0 544 141 2148 264 673 108
± 26 ± 0.7 ± 0.7 ± 6 ± 7 ± 18 ± 7 ± 14 ± 4

|∆yjj |> 2.8 696
678 11.9 9.50 100.0 24.8 377 55.1 95 19
± 10 ± 0.23 ± 0.34 ± 2.3 ± 3.4 ± 7 ± 3.1 ± 5 ± 2

mjj > 500 198
170 7.54 2.93 33.7 5.6 93.4 11.4 18.9 4.4
± 4 ± 0.12 ± 0.19 ± 1.2 ± 0.6 ± 3.0 ± 1.2 ± 2.5 ± 0.7

CJV 92
77.6 6.30 1.74 25.5 2.8 30.2 5.3 9.3 3.1
± 2.4 ± 0.11 ± 0.15 ± 1.0 ± 0.4 ± 1.5 ± 0.8 ± 1.2 ± 0.6

OLV 78
58.5 6.07 1.57 18.7 2.05 22.5 4.3 7.3 2.4
± 2.1 ± 0.10 ± 0.14 ± 0.8 ± 0.32 ± 1.3 ± 0.7 ± 1.2 ± 0.5

m`` < 60 31
16.4 5.49 1.48 3.8 0.66 4.48 0.70 4.4 1.0
± 1.3 ± 0.10 ± 0.14 ± 0.4 ± 0.21 ± 0.69 ± 0.31 ± 0.8 ± 0.4

∆φ``< 1.8 23
12.3 5.11 1.34 3.5 0.63 3.7 0.70 1.9 0.56
± 1.0 ± 0.09 ± 0.13 ± 0.4 ± 0.21 ± 0.7 ± 0.31 ± 0.5 ± 0.30

5.7.5 Selection Summary and Signal Discriminant Variables

All the event selection requirements in each of the jet categories H+0j, H+1j

and H+2j have been presented in Section 5.7.2, 5.7.3 and 5.7.4, respectively. A
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Table 5.15: Event yields for the H+2j category in 8 TeV data with ee+µµ
final states. The observed and expected yields for the Higgs signal and SM
background are shown. In this table, the ggF Higgs boson signal is treated as
background and so, included in ”Total bkg.” column. The column tagged as
VBF includes the Higgs boson contribution from VH production mechanism,
which is negligible after the VBF-related criteria. The composition of the total
background is given on the right. Energies, masses, and momenta are in units of

GeV. All uncertainties are statistical.

Observed Total bkg.
Signal [mH = 125]

WW V V tt̄
Single

Z+jets W+jets
VBF ggF Top

Emiss
T >45

58690
56930 45.5 198.8 3924 604 29300 2863 19620 463

Emiss, STVF
T >35 ± 210 ± 1 ± 2 ± 20 ± 10 ± 60 ± 20 ± 190 ± 16

Njets ≥ 2 32877
32170 26.4 39.7 537 186 24540 1388 5420 191
± 110 ± 0.7 ± 0.7 ± 6 ± 9 ± 60 ± 16 ± 90 ± 7

Nb-jet = 0 65388
6370 18.9 29.6 394 129 1747 203 3810 58
± 80 ± 0.6 ± 0.6 ± 5 ± 7 ± 16 ± 6 ± 80 ± 4

ptot
T < 45 4903

4830 16.7 24.4 336 93 1375 171 2790 42.9
± 70 ± 0.5 ± 0.6 ± 4 ± 5 ± 14 ± 6 ± 70 ± 2.9

|∆yjj |> 2.8 958
926 8.06 6.23 61.1 12.7 253 35.3 552 6.2
± 33 ± 0.20 ± 0.28 ± 1.7 ± 1.3 ± 6 ± 2.4 ± 33 ± 1.1

mjj > 500 298
245 5.55 2.10 23.5 4.1 62.4 9.3 139 1.4
± 6 ± 0.10 ± 0.16 ± 1.0 ± 1.1 ± 2.5 ± 1.1 ± 5 ± 0.6

CJV 147
119 4.65 1.10 16.6 2.8 19.3 4.1 72.6 0.68
± 4 ± 0.10 ± 0.12 ± 0.8 ± 1.1 ± 1.3 ± 0.7 ± 3.4 ± 0.38

OLV 108
82.7 4.45 0.93 12.5 2.3 14.3 3.1 49.0 0.30
± 3.3 ± 0.09 ± 0.11 ± 0.6 ± 1.1 ± 1.1 ± 0.6 ± 2.7 ± 0.30

m`` < 60 52
38.7 4.03 0.81 3.23 1.7 3.8 0.80 28.3 0.14
± 2.5 ± 0.09 ± 0.10 ± 0.34 ± 1.1 ± 0.6 ± 0.30 ± 2.1 ± 0.24

∆φ``< 1.8 42
33.0 3.70 0.72 2.82 1.7 3.3 0.74 23.6 0.06
± 2.4 ± 0.09 ± 0.09 ± 0.32 ± 1.1 ± 0.5 ± 0.30 ± 2.0 ± 0.21

summary of the complete H→WW (∗)→ `ν`ν selection strategy can be found in

Tab. 5.16. The final signal discriminants m`` and mT, which appear at the bottom

of the table, are introduced at the end to further separate the Higgs boson candidates

from the remaining SM background processes. The sample of events at the stage

corresponding to the selection on these discriminants variables is discussed in this

section.

The m`` spectrums for the H+0j and H+1j categories are shown in Fig. 5.17

and 5.19, respectively. The signal-to-background ratio (S/B) varies in these distri-

butions for different bins. In light of this, the sample is further subdivided into two

regions at m`` = 30 GeV for Njets≤ 1 with eµ+µe final states in order to improve

the signal to background ratio.

A transverse mass variable (mT) is used in this analysis to test for the presence

of the Higgs boson, with mH = 125 GeV, decaying into a pair of W bosons. The

mT quantity is defined as,
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Table 5.16: Summary of the H→WW (∗)→ `ν`ν event selection criteria divided
in each of the jet analysis categories. The criteria specific to eµ+µe and ee+µµ
are noted as such; otherwise, they apply to both. Pre-selection applies to all
Njets modes. The rapidity gap is the y range spanned by the two leading jets.
The m`` split is at 30 GeV. Energies, masses, and momenta are in units of GeV.

H→WW (∗)→ `ν`ν Selection

Pre-selection

Two isolated leptons (e µ) with opposite charge

Leptons with plead
T > 25 and psublead

T > 15

eµ+µe: m``> 10

ee+µµ: m``> 12 and |m`` −mZ |> 15

Category H+0j H+1j H+2j

Missing transverse
momentum and
hadronic recoil

eµ+µe: Emiss
T,rel> 25 eµ+µe: Emiss

T,rel> 25 eµ+µe: Emiss
T > 20

ee+µµ: Emiss
T,rel> 45 ee+µµ: Emiss

T,rel> 45 ee+µµ: Emiss
T > 45

ee+µµ: Emiss,track
T,Rel > 45 ee+µµ: Emiss,track

T,Rel > 45 ee+µµ: Emiss
T,STVF> 35

ee+µµ: frecoil< 0.05 ee+µµ: frecoil< 0.2 -

General selection
- Nb-jet = 0 Nb-jet = 0

|∆φ``,MET |>π/2 - ptot
T < 45

p``T > 30 eµ+µe: Z → ττ veto eµ+µe: Z → ττ veto

VBF topology

- - mjj > 500

- - |∆yjj |> 2.8

- - CJV

- - OLV

H→WW (∗)→ `ν`ν
topology

m``< 50 m``< 50 m``< 60

∆φ``< 1.8 ∆φ``< 1.8 ∆φ``< 1.8

eµ+µe: split m`` eµ+µe: split m`` -

Fit mT Fit mT Fit mT

mT =
√

(E``T +Emiss
T )2− | ~p ``T + Emiss

T |2 , (5.7)

where E``T =
√
| ~p ``T |2 +m2

`` and |~p ``T |= p``T .

Figure 5.25 shows the mT distributions with the expected signal and the

composition of the SM backgrounds after the full analysis selection criteria. Each

category and lepton final states are presented separately. As it can be seen, the

background composition and rate change for differentmT windows. The highest S/B

is in a region of mT around mH: 0.75mH<mT<mH for Njets≤ 1 and mT< 1.2mH

for H+2j. To illustrate the relative size of the signal, the expected S/B in the

above-mentioned mT range is 0.14, 0.16, and 0.26 for H+0j, H+1j and, H+2j,

respectively, combining all lepton final states.
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Figure 5.25: mT distributions for final candidate events in the
H→WW (∗)→ `ν`ν analysis using the 8 TeV data. The plots are shown for
the eµ+µe (left) and ee+µµ (right) final states in Njets = 0 (top), Njets = 1
(middle), and Njets ≥ 2 final states (bottom). The distributions are shown prior
to splitting the samples into two m`` regions for the eµ+µe final state in the
Njets = 0 and = 1 cases. The signal is stacked on top of the background. For
the Njets ≥ 2 analysis, the signal is plotted separately for the ggF and VBF
production processes. The hatched area represents the uncertainty on the signal
and background yields from statistical, experimental, and theoretical sources.

Note that the final discriminant depends explicitly on Emiss
T , so it is crucial

that the Emiss
T measurement is well understood. The choice of the Emiss

T recon-

struction entering in the mT computation is based on previous studies using the

first 5.8 fb−1 data at 8 TeV [123]. Since similar separation power is found in all
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three mT reconstruction methods, it is decided to use the Emiss
T measurement in

the mT computation since Emiss
T is common to all analysis categories (see Tab. 5.8).

The performance of different mT reconstruction methods is further investigated in

Chapter 6.

Finally, the statistical treatment benefits from the S/B differences between

different bins in the m`` and mT distributions and exploits this feature to better

discriminate the signal. The likelihood fit technique is described in detail in Sec-

tion 5.11.

5.8 Re-analysis of 7 TeV Data

The analysis of the 4.6 fb−1 collected at
√
s = 7 TeV in 2011 was published in

Ref. [124]. The purpose of reanalysing this dataset is to apply those improvements

that the analysis has acquired throughout 2012, as well as to make the selections and

MC samples compatible with the 8 TeV analysis. This simplifies and facilitates the

combination of the 2011 and 2012 results. The object and event selections closely

follow the requirements described in Section 5.7 used in the analysis of the 8 TeV

data. However, due to both technical differences in the data and MC samples as

well as different properties in the data-taking conditions, some criteria have been

slightly modified to adequate the selection. The differences in the selection and the

results obtained re-analysing the data taken during the 2011 period are given in this

section.

At the object and pre-selection level, the requirements used in the 2011 re-

analysis are almost the same as the ones described in Section 5.6 and 5.5, respec-

tively. Nevertheless, there are two exceptions: the identification algorithm for elec-

trons and the JVF threshold used for jet selection. In the reanalysis of the 7 TeV

data the algorithm for the electron identification is non-GSF. Due to the lower pile-

up conditions during the 7 TeV period, the JVF selection is required to be above

0.75.

In terms of the Emiss
T criteria, the relevant variables and thresholds for the

eµ+µe final state are the same in both 2011 and 2012 analyses. However, in the

ee+µµ final state the criteria are loosened for the H+0j and H+1j cases since

the level of Drell-Yan contamination is lower in 2011 than in 2012. For the H+0j

category with ee+µµ final states, the Emiss
T,Rel threshold is 35 GeV and the second

requirement on Emiss,track
T,Rel is not applied. Instead, the p``T cut is slightly tightened

to 40 GeV. In the H+1j category the only requirement on Emiss
T,Rel is also lowered to
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40 GeV and a requirement on the transverse momentum of the system defined by

the two leptons and the jet is added: p``jT > 35 GeV. The frecoil cut is also used in

ee+µµ final states following the 2012 criteria: frecoil< 0.2 and < 0.5 are applied to

the H+0j and H+1j categories, respectively. The selection of the H+2j analysis

for the 7 TeV period completely follows the criteria used in 2012, as is described in

Section 5.7.4. The event yields for the 2011 data are collected in Appendix C.

In summary, the 2011 selections that differ from the 2012 analysis are listed

below,

• The GSF algorithm is not used for the electron identification.

• The jet vertex fraction for the reconstructed jets is changed: |JV F | > 0.75.

• For the ee+µµ final states:

– Emiss
T,Rel> 35(40) GeV for the H+0j (H+1j) analysis and the additional

cut on Emiss,trk
T,Rel is not applied.

– frecoil< 0.2 and < 0.5 for the H+0j and H+1j analysis, respectively.

– p``T > 40 GeV for the H+0j and p``jT > 35 GeV for the H+1j.

The largest improvement with respect to the published analysis in Ref. [124] is

a 40% reduction of the W+ jets contamination. This is accomplished by tightening

the lepton isolation requirement following the 2012 analysis. Other improvements

between the published results and the re-analysis of the 7 TeV data are achieved by

changing some MC generators, specially the WW background. All the background

estimation techniques mimic the 2012 analysis, as is described in Section 5.9.

Figure 5.26 shows the expected and observed mT distribution from events

satisfying all selection criteria for H+0j and H+1j categories. These distributions

are equivalent to Fig. 5.25 for 8 TeV. The corresponding plots for H+2j are omitted

due to limited statistics at the end of the event selection, as Tab. C.4 shows. The ex-

pected Higgs boson signal, with mH = 125 GeV, is stacked on top of the background

spectrum.

5.9 Background Estimation

The search for the Higgs boson in the H→WW (∗)→ `ν`ν decay mode involves a high

variety of SM background contamination. This feature forces the analysis to develop

validation techniques for the background predictions. The MC evaluation relies on

comparisons between the expected yields and the observed rate events in several
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Figure 5.26: Distribution of transverse mass for the signal regions of the
H→WW (∗)→ `ν`ν analysis of the 7 TeV data with Njets = 0, top, and Njets = 1,
bottom. The plots are shown for the eµ+µe, on the left, and ee+µµ, on the
right. The WW , top-quark, and ZDY backgrounds predicted by MC simulation
are scaled using the normalisation from the corresponding CRs described in the
text, and the W+jet prediction is from the data-driven estimate. The signal
is stacked on top of the background. The hatched area represents the uncer-
tainty on the signal and background yields from statistical, experimental, and

theoretical sources.

enriched samples. Control Regions (CR) and validation regions (VR) are designed

to evaluate the MC predictions. Those regions are defined by the compromise of the

following statements,

• Be as pure as possible for the relevant background process.

• Preserve as much statistics as possible in order to avoid fluctuations.

• Select Higgs boson signal-depleted regions.

In general, the requirements applied for the control and validation regions

are similar to those used in the event selection, but with some criteria reversed or
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modified. In this section, the estimation procedures for each of the backgrounds

in the H→WW (∗)→ `ν`ν analysis are presented. Moreover, data-driven methods

for background shapes and normalization are described, and their performance is

discussed in detail. Table 5.17 summarises the treatment of the backgrounds. An

overview of the CRs and VRs used for each background source is presented below.

Table 5.17: Summary on background treatment in the H→WW (∗)→ `ν`ν anal-
ysis. The estimation procedures for various background processes are given in
four categories: normalised using a CR; data-derived estimate (Data); normalised
using the MC; and normalised using the MC, but validated in a CR (MC + VR).
The “(eµ+µe)” terms denote that for the ee+µµ final states, in the same Njets

mode, the eµ+µe region is used instead, for reasons of purity and/or statistics.
The “(merged)” terms indicate that the fully combined eµ+µe + ee+µµ CR is

used for all lepton final states.

WW Top Z/DY → ττ Z/γ∗→ `` W+ jets V V

H+0j
eµ+µe CR CR CR MC Data MC + VR
ee+µµ CR (eµ+µe) CR (eµ+µe) CR (eµ+µe) Data Data MC + VR

H+1j
eµ+µe CR CR CR MC Data MC + VR
ee+µµ CR (eµ+µe) CR (eµ+µe) CR (eµ+µe) Data Data MC + VR

H+2j
eµ+µe MC CR (merged) CR MC Data MC
ee+µµ MC CR (merged) CR (eµ+µe) Data Data MC

5.9.1 Background Overview

As shown in previous sections, there is a large number of SM processes whose final

decay states may be reconstructed as two high-pT leptons with a high /ET mea-

surement. At the LHC, the main background contributions to the search for the

Higgs boson in the H→WW (∗)→ `ν`ν analysis are WW and top quark production.

These processes contain two isolated high-pT leptons, from the W bosons, in the

final state. In such processes, the measurement of the /ET is real due to the presence

of high-pT neutrinos as well. The MC WW background in both the H+0j and

H+1j analyses and the MC top background in the H+1j and H+2j categories are

normalised to the data yields in the corresponding CRs, after subtracting contri-

butions from processes other than the targeted one. The resulting estimated event

yield for that process is extrapolated from the CR to the signal region: the value

from the normalization is used as a correction factor to the MC. In general, the

eµ+µe CRs, with higher statistics and significantly higher purity, are used as CRs

for the corresponding ee+µµ final states. The only exception is the top background
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in the H+2j analysis, in which all lepton final states are combined since the Drell-

Yan contribution is negligible in this CR. Details on the normalisation of the top

and WW backgrounds are addressed in Sections 5.9.6 and 5.9.7, respectively.

For the W+ jets background case, one of the jet decay products can be mis-

reconstructed as the second high-pT lepton. Only a small fraction of those events

satisfy the full event selection, besides the large cross section of the W+ jets pro-

cess. However, the mT shape for the W+ jets and multi-jet backgrounds is very

similar to the Higgs boson, with mH = 125 GeV, and the final fit can not constrain

this contamination in the signal region. Hence, it is crucial to have under control

the W+ jets background. This type of process is difficult to model reliably with

simulation. In light of this, this is estimated from data for all jet multiplicities, as

described in Section 5.9.2.

Backgrounds from diboson processes other than WW also have signal-like

kinematics. These backgrounds add up to 10% of the total predicted background in

the H+0j and H+1j categories and are of the same magnitude as the signal. The

shapes and normalisation of the non-WW diboson processes are estimated using

simulation, as described in Section 5.9.3. These processes produce same-charge and

opposite-charge leptons pairs, as well as the reconstructed objects from the W+ jets

decay products. The same-charge events which satisfy the full event selection form

the VR for the above-mentioned backgrounds. The MC predictions, together with

the W+ jets data-derived estimation, are evaluated using the observed events in this

VR. Note that the VR is not used to normalise the backgrounds, as the CR does,

but to assess MC generators in a Higgs boson free region.

Finally, the Drell-Yan background is another important contamination source,

especially for the ee+µµ final states, which has been shown to increase significantly

in 2012 data. For this reason, using the Z peak as CR is subject to large uncertainties

from mis-modelling of the Emiss
T tails as a function of m``. Therefore, data-derived

methods are used to estimate the DY background for ee+µµ, as described in Sec-

tion 5.9.4. In the case of eµ+µe, where the majority of the background comes from

Z/DY → ττ , a CR is used to normalise the MC prediction to the observed data

events. The details are described in Section 5.9.5.

The correlations introduced among the backgrounds by the presence of other

processes in the CRs are fully incorporated in the statistical fit procedure used to

test the background-only hypothesis and to extract the signal strength. This will

be presented later in Section 5.12. In the following, each background estimate is

described after those which are relevant for the extrapolation. In light of this, the

largest background, WW , is described last.



Chapter 5. H→WW (∗)→ `ν`ν Analysis 157

5.9.2 W+jets Background Estimation

Events in which W bosons are produced in association with jets may become one

of the background contaminations in the H→WW (∗)→ `ν`ν search when the jet is

reconstructed as a lepton. The rate at which jets are mis-identified as leptons may

not be accurately described in the simulation because these events are due to rare

fragmentation processes or complex interactions within the detector. In light of this,

the W+ jets background is estimated entirely from data by defining a phase space

enriched with W+ jets events.

The W+ jets background contribution is estimated using a CR in which one

of the two leptons fully satisfies the lepton definition described in Section 5.6, and

the other lepton only passes loosened requirements. This selection enhances the rate

of jets mis-identified as leptons. The non-W+ jets contributions to the W+ jets CR

are subtracted using MC. The purity of W+ jets events in this CR is about 90% in

the electron channel and 80% in the muon channel.

The W+ jets background in the signal region is obtained from the control

sample by applying an extrapolation factor, referred to as the fake factor (f`) in the

following. The fake factor relates the W+ jets estimation in the CR to the W+ jets

contamination in the signal region using di-jet data events. The fake factor is defined

as the ratio of the number of objects satisfying the full lepton identification (Nid)

to those satisfying the loosened criteria; so-called anti-id selection (Nanti−id),

f` ≡
Nid

Nanti−id
with ` = e or µ . (5.8)

The fake factor in Eq. 5.8 has been calculated as a function of the pT and

η of the anti-identified electron or muon, separately. The W+ jets yield in the

signal region is then calculated by scaling the number of events in the W+ jets CR

(Nid+anti−id) by the corresponding fake factor as follows,

NW+ jets = f` ×Nid+anti−id (5.9)

The W+ jets yield estimation includes a prediction of multi-jets background,

in which both leptons are due to the mis-identified jets. The multi-jets contribution

to the signal region has been explicitly calculated and it is found to be less than

5% of the total W+ jets background, justifying the decision to not subtract out the

QCD component from the W+ jets background estimation.

The fake factor uncertainty is the main uncertainty source on the W+ jets

background estimation. The fake factor uncertainty is divided into the following
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sources:

• The difference in fake factor in the di-jet sample and W+ jets CR. Differences

in jet kinematics and heavy flavour fraction may cause the fake factor to be

different in these two samples. A systematic uncertainty, evaluated from MC,

is included to account for the sample dependence.

• The effect of pile-up on the fake factor due to changing data acquisition condi-

tions. This is estimated by studying the fake factor variation as a function of

the average number of interactions per bunch crossing. The level of systematic

uncertainty is at most 10% depending on pT and η.

• The uncertainty associated to the real lepton contamination from W/Z events

in the di-jet CR. This is estimated by varying the requirements to subtract this

contamination in the di-jet sample. In general, this systematic uncertainty is

below 1%.

The total fake factor uncertainty is driven by the differences in jet compo-

sition between di-jet and W+ jets samples and it represents about 45% (40%) for

mis-identified electrons (muons). This systematic uncertainty is treated as uncor-

related between electrons and muons. This reduces the effective uncertainty on the

total W+ jets background, which yields approximately 30% across different Njets

categories.

Same-Charge Validation Region

In order to assess the prediction on the W+ jets background, an independent set

of events is used. They form the same-charge VR whise event selection follows

the requirements described in Section 5.7, except that two leptons with the same

charge are selected. The processes producing the majority of same-charged dilep-

ton events, namely, W+ jets, Wγ Wγ(∗), WZ and ZZ, are all backgrounds to

H→WW (∗)→ `ν`ν analysis.

The comparison of the expected and observed rate and kinematics of the

same-charged events is used to validate these background predictions. For illustra-

tion, the mT distribution of same-charge H+0j events passing the selection after

p``T requirement is shown in Fig. 5.27. The total uncertainty on the background pre-

diction shown in these figures includes the systematic uncertainties on the W+ jets

background and the other non-WW diboson backgrounds. The predicted and ob-

served number of events, as well as the modelling of the kinematic distributions,
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present a satisfactory agreement overall within the uncertainties in the same-charge

VR.
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Figure 5.27: Distribution of mT in the Njets = 0 same-charge validation region
of the H→WW (∗)→ `ν`ν analysis for the 8 TeV data, after the p``T selection.
The W+ jets prediction is from the data-driven estimate. The hatched area
represents the uncertainty on the signal and background yields from statistical,
experimental, and theoretical sources. The contributions from WW , ZZ, tt̄, and

single top are negligible and omitted from the legend.

5.9.3 Non-WW Diboson Backgrounds

The diboson backgrounds, other than the WW signature, consist of Wγ, Wγ∗, WZ,

and ZZ processes. The first three processes generate three leptons in the final state.

Nevertheless, a high-pT lepton can be emitted very close to a low-pT lepton that is

undetected or does not pass the lepton counting kinematic requirements. In such

cases, the reconstructed final state is mis-identified as formed by two leptons. The

dominant of all these backgrounds is the Wγ process.

The Wγ background arises from the photon converting into an electron-

positron pair, while the W decay provides the other lepton and the /ET signature.

The simulation of the Wγ background is checked in a modified same-charge VR

in which the electron selection requirements that reject photon conversions are re-

versed. In this region, a high Wγ purity of approximately 80% is obtained. Fi-

gure 5.28 shows the transverse mass distribution in the Wγ validation region for

events with zero and one jet on the left and right, respectively.

The Wγ∗ background originates from the associated production of a W boson

with a virtual photon, where the photon internally converts to a pair of charged
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Figure 5.28: mT distributions for the same-charge Wγ validation region in the
H+0j, on the left, and H+1j, on the right, selection. The eµ and µe channels
are combined. The hatched area represents the uncertainty on the signal and

background yields from statistical, experimental, and theoretical sources.

leptons. Because the conversion occurs before detector material and the cross-section

is very low, it is challenging to isolate this background directly in data.

The most pure phase space for the Wγ∗ and WZ processes, in comparison

with other backgrounds, is obtained for same-sign leptons at the selection stages

of p``T and b-jet veto for the H+0j and H+1j categories, respectively. After these

requirements, the Wγ contribution is less prominent and the Wγ∗ and WZ purity

is about 50%. Several kinematic variables are scrutinised to evaluate the simulation

of these backgrounds. Data and MC agree well within the total uncertainties. For

illustration, the transverse momentum of the leading lepton distributions in the

same-charge VR with H+0j and H+1j are shown in Fig. 5.29. All the non-WW

backgrounds are combined.

The remaining non-WW diboson background originates from the ZZ pro-

cess. This background contributes with a small fraction of the total expected SM

background at the end of the event selection. This is entirely predicted using MC

simulation.

Finally, the difference between the data and MC predictions in the VR is

taken as a systematic uncertainty. The uncertainty on the total non-WW diboson

background in the signal region is 16% and 22% for H+0j and H+1j, respectively.



Chapter 5. H→WW (∗)→ `ν`ν Analysis 161

 [GeV]
T,lead lep

p

20 40 60 80 100 120 140

E
v
e

n
ts

 /
 5

 G
e

V

0

20

40

60

80

100

120

140

160
 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

  H [125 GeV]

  
­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 0 jetsνeνµ/νµνe→
(*)

WW→H

 [GeV]
T,lead lep

p

20 40 60 80 100 120 140

E
v
e

n
ts

 /
 5

 G
e

V

0

10

20

30

40

50

60

70  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

  H [125 GeV]

  
­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→
(*)

WW→H

Figure 5.29: Distribution of the leading lepton pT for H+0j events, on the
left, and H+1j events, on the right, in the same-charge validation region of the
H→WW (∗)→ `ν`ν analysis for the 8 TeV data, after the p``T and the b-jet veto
selection, respectively. The W+ jets prediction is from the data-driven estimate.
The eµ and µe channels are combined. The hatched area represents the uncer-
tainty on the signal and background yields from statistical, experimental, and

theoretical sources.

5.9.4 Z/γ∗→`` Background and the Pacman Method

This section describes the treatment of the Z/DY background decaying to ee or µµ.

In the H→WW (∗)→ `ν`ν ee+µµ final states, the p``T boost requirement suppresses

this background. The majority of the Z/γ∗ events are produced nearly at rest, so

the boost of the dilepton system must be balanced by a hadronic recoil system.

Moreover, these events are produced without genuine /ET measurement. However,

due to the enhanced Z/γ∗ contamination in the H→WW (∗)→ `ν`ν search, because

of the /ET contributions from pile-up interactions, the frecoil variable is introduced

in the H+0j and H+1j categories, as discussed in Section 5.6.3.2. The frecoil distri-

bution presents a clear shape distinction between DY and all other processes with

genuine /ET measurement, including the Higgs boson signal. The frecoil definition

relies on low-pT jets, which are difficult to model reliably with simulation. Hence,

it is essential to validate the shape and efficiency of this variable using data. The

data-driven technique that estimates the remaining Z/γ∗ contribution in ee+µµ

final states after the frecoil requirement, is known as the Pacman method [123, 125].

The Pacman method consists of a template fit of the frecoil data distribution

considering ee+µµ final states in the signal region (SR), and two frecoil templates

extracted from data in two CRs and fitted to data in the SR. The normalisations

of the two templates are free parameters of the fit. For the H→WW (∗)→ `ν`ν

analysis, a simplified version of the Pacman method is introduced, as described
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below. The full frecoil shape is replaced by two bins: events passing or failling the

frecoil requirement. Instead of extracting templates, efficiencies of a cut on frecoil

are measured using the same CRs. Moreover, instead of fitting the SR, a extraction

of a single analytical solution of the normalisation becomes possible.

The number of observed events before and after the frecoil requirement in the

SR (Nobs
SR and nobs

SR , respectively) can be defined in terms of the number of DY

events (NDY), and non-DY (Nnon−DY) as follows,

Nobs
SR = NDY + Nnon−DY (5.10)

nobs
SR = εDYNDY + εnon−DYNnon−DY , (5.11)

where εDY represents the Z/γ∗ efficiency of the frecoil requirement, and εnon−DY is

the efficiency for backgrounds other than Z/γ∗. By solving the equations above, the

number of Z/γ∗ events in the SR passing the frecoil requirement is,

nDY = εDYNDY = εDY × nobs.
SR − εnon−DYNobs.

SR

εDY − εnon−DY
. (5.12)

Equation 5.12 presents all the needed ingredients in order to calculate the

Z/γ∗ contribution in the SR. However, it is not possible to measure the frecoil

efficiencies explicitly from observed events. How the Pacman method estimates

these efficiencies is presented below.

The non-DY efficiency is calculated directly from the number of eµ+µe events

above and below the frecoil threshold in the signal region,

εnon−DY =
nnon−DY
eµ+µe

Nnon−DY
eµ+µe

. (5.13)

The Z/γ∗ efficiency is defined as the fraction of events in data passing the

frecoil requirement in the Z CR. This CR is defined by applying the pre-selection

requirements, but reversing the Z veto, |m`` −mZ | < 15 GeV. In this phase space,

the contamination of backgrounds other than Z/γ∗ is not negligible and it has to

be subtracted. For this purpose, the efficiency for non-Z/DY backgrounds is also

calculated in the eµ+µe Z CR as follows,

εnon−DY
Z CR =

nnon−DY
eµ+µe

Nnon−DY
eµ+µe

. (5.14)
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Then, the Z/DY efficiency in the SR with ee+µµ final states (εDY
est.) is estimated

using the Z CR,

εDY
est. =

nDY
est.

NDY
est.

=
nobs.
Z CR − ε

non−DY
Z CR Nnon−DY

Nobs.
Z CR −Nnon−DY ,

(5.15)

where all quantities are referring to the ee+µµ final states in the Z CR. The non-DY

contributions (Nnon−DY) in the Z CR are obtained from MC simulation. Lastly,

introducing Eq. 5.15 and 5.14 into Eq. 5.12, the estimation on the Z/γ∗ background,

in ee+µµ events, can be obtained using the number of events after and before the

frecoil requirement in several data samples.

The Pacman method makes two assumptions when estimating the frecoil cut

efficiencies. First, εnon−DY and εnon−DY
Z CR are measured using eµ+µe final states and

applied to ee+µµ events in the same phase space. Second, the εDY is estimated

from the Z CR and then used in the SR with ee+µµ Higgs boson candidate events.

These two assumptions will be treated as uncertainties of the Pacman method, as

described below.

Systematic uncertainties are assessed for each of the assumptions of the Pac-

man method. The difference in the non-DY frecoil efficiency between eµ+µe and

ee+µµ final states is checked in simulation and validated in data by using the low-

pT objects in the recoil calculation, but it is computed in the region perpendicular

to the ~p ``T and ~p ``jT direction for H+0j and H+1j, respectively. The difference

in the Z/γ∗ frecoil efficiency between the Z CR and the SR with the ee+µµ final

states is checked in simulation and validated in data in the Emiss
T,rel< 30 GeV region.

The differences summed in quadrature are taken as a systematic uncertainty on the

extrapolated efficiency. The largest contribution is the 27% assigned for the Z/γ∗

extrapolation from the Z CR to the low-m`` region. The total uncertainty on this

background is 60% and 80% in the H+0j and H+1j categories, respectively.

The ABCD Method for H+2j Category

The H+2j category does not use the frecoil quantity to reject Z/γ∗ back-

ground due to the difficulty of measuring it in events with a high number of jets

and the lower statistics. Instead, this evaluates the Z/γ∗ contribution in ee+µµ

final states using a data-derived technique, called the ABCD method. The ABCD

method estimates the Z/γ∗ background in the Emiss
T -m`` plane. The selected events

are required to satisfy the pre-selection criteria in addition to the following cuts:

Njets ≥ 2, Nb-jet = 0, ptot
T < 45 GeV, and mjj > 500 GeV. For statistical reasons,
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the full VBF-specific selection can not be applied and only the mjj requirement is

incorporated into the method. Moreover, there is also a correlation with mjj and

the Z/γ∗ background estimation which motivates the inclusion. The ABCD method

uses four regions, as shown in Fig. 5.30. The x-axis separates the regions in low-m``

(m`` < 60 GeV), and around the Z peak (|m`` − mZ | < 15 GeV). The y-axis is

divided into two Emiss
T regions. The former mimics the /ET selection used in the

H+2j category: Emiss
T > 45 GeV and Emiss, STVF

T > 35 GeV. The latter refers to the

low Emiss
T region, which inverts the above /ET requirements.

Figure 5.30: Schematic representation of the ABCD regions defined in the
Emiss

T -m`` plane.

The ABCD method uses a data-derived estimate of region A (Aest) using

those of B, C and D; where contributions from non-Z sources are subtracted from

the last regions.

Aest = C × B

D
. (5.16)

This method assumes that the extrapolation from region B to A behaves in a similar

way as the extrapolation from D to C. The above equation can be calculated for

data and simulation, resulting in the following normalisation factor (NF),

NF =
Aest

data

Aest
MC

=
Bdata

Cdata

Ddata

BMC
CMC

DMC

. (5.17)

This equation can be written in terms of a full MC-based term, denoted as fcorr,

NF = fcorr

Bdata
Cdata

Ddata

AMC
, (5.18)

where,
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fcorr =
AMC/BMC

CMC/DMC
. (5.19)

It is found that this correction is 3± 10 (stat.)% which is applied to the simulation.

The ABCD estimate in the Z CR is applied to the low m`` region. In order to

propagate this estimate further in the SR, the normalisation factor extracted from

the ratio of simulation and data is computed at the m`` requirement stage level.

The resulting normalisation factor is 0.81± 0.06 (stat.).

Lastly, a VBF CR is defined to compute the data-MC cut efficiency ratio of

the VBF-specific analysis requirements. As mentioned above, the Z CR does not

contain the full VBF-selection in order to increase the statistics of this sample. Since

the VBF-specific requirements do not involve lepton kinematics, a higher statistics

sample of Z → ee and Z → µµ is used. The systematic uncertainty is evaluated

by re-deriving the normalisation factor in a region with low-Emiss
T values, enriched

with Z → `` events, and without m`` requirement. The total uncertainty on the

background results in 15%, which is dominated by experimental sources.

5.9.5 Z/DY → ττ Control Region

The Z/DY → ττ background makes a noticeable contribution to the eµ+µe final

states, particularly at the early stages of the event selection. A Z/DY → ττ CR

is defined by applying the H→WW (∗)→ `ν`ν event criteria up to the jet selection,

including the selection of Emiss
T,Rel> 25 GeV, and in addition, requiring m``< 80 GeV

and ∆φ``> 2.8. The last requirement is what really separates the Z CR from the

SR.

In the H+0j category the sample is 94% pure and the contamination from

other background sources is estimated using simulation, except for the W+jets back-

ground, which is estimated from data, as is done for the SR. The normalisation

factors for the Z/DY → ττ background to be applied in the H→WW (∗)→ `ν`ν

analysis are derived from the ratio of the background subtracted event yields in

data, divided by the expected Z/DY → ττ event yield from MC. Since no significant

difference is observed between the eµ and µe final states, the combined eµ+µe final

states are used to derive the normalisation factors, which are then applied to both

final states. The resulting normalisation factor is 0.90± 0.03 (stat.) ± 0.11 (syst.),

which is applied to the Z/DY → ττ MC prediction in the SR, as well as to the

Z → ee and Z → µµ processes, which represent less than 5% of the total Z/γ∗, in

the eµ+µe final states.
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The Z/DY → ττ CR in the H+1j analysis is built on an inclusive jet sample

and it follows the above prescription, regarding the m`` and ∆φ`` requirements.

The normalisation factors obtained in the H+1j category are consistent with those

derived when not making any jet selection, but with much larger statistical uncer-

tainties. The decision is, therefore, made to use the normalisation factors from the

inclusive jet multiplicity phase space for the H+1j category in order to avoid sta-

tistical fluctuations. The resulting CR purity is 74% and the normalisation factor

is 0.91± 0.03 (stat.)±0.09 (syst.).

Finally, the H+2j category follows the above prescription, but requiring at

least two jets, Nb-jet = 0 and, ptot
T < 45 GeV to define a CR with 67% purity. The

purity decreases as the jets are included in the Z/DY → ττ CR due to the enhanced

top background contamination, which is normalised by its correction factor and

subtracted using simulation. The resulting data-MC normalisation factor in this

CR is 0.93±0.11 (stat.). This sample is used to correct the modelling of Emiss
T while

a VBF CR is defined to compute the data-MC cut efficiency ratio of the VBF related

cuts. The total relative uncertainty on this background is 32%.

5.9.6 Top Control Region

Top background, which includes tt̄, tW , tb and tqb with t→ bW→ b`ν processes, is

a dominant process that produces high-pT leptons, genuine /ET measurement, and

b-quark jets. The background prediction from simulation is normalised using a CR,

which is defined separately for the different jet multiplicities.

The top background for the H+0j category is estimated using two CRs. One

consists of eµ+µe final states passing the Emiss
T,Rel requirement but without any re-

quirements on the number of jets. The sample is dominated by top quark events, as

shown in Fig. 5.14. This is used to set the normalisation of the background, after ac-

counting for the contribution of non-top processes, which are estimated from simula-

tion, except for the W+ jets contribution, which is estimated from data. The second

CR is a subset of the first, which has Nb-jet≥1, and is used to correct the efficiency

for the jet veto requirement in top events (ε0−jet). The correction uses the fraction of

events in the b-tagged CR to have no jets reconstructed in addition to the one that is

tagged (P b−tag
1 ), and makes the approximation ε0−jet ≈ (P b−tag

1 )2, where the power

of two is motivated by the presence of two b-jets in tt̄. The approximation is not

exact because of kinematic correlations between the two b-tagged jets, the presence

of QCD radiation and single top, and the effects of b-tagging. Nevertheless, the ra-

tio ε0−jet/(P
b−tag
1 )2 is sufficiently stable with respect to experimental uncertainties
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and the details of the top sample kinematics allow the estimation of the true ε0−jet

from the one measured in simulation [126]. Because b-tagging selects a very pure

sample of top quark events, P b−tag
1 can be estimated in both data and simulation,

and fMC
0−jet is corrected by multiplying it by the ratio (P b−tag,data

1 )2/(P b−tag,MC
1 )2.

The MC normalisation factor of 1.07± 0.03 (stat.) is found and the total uncertainty

on this background is 13%.

In the H+1j analysis, the top background represents the main contamination

source at the first stages of the event selection in eµ+µe final states. In this case,

this contribution is the highest one after the full event selection, representing more

than 33% of the total expected background. The top prediction is normalised to

the data in a CR defined by reversing the b-jet veto and removing the requirements

on ∆φ`` and m``. The resulting samples are primarily top quark events, and the

small contribution from other sources is accounted for using simulation and the data-

derived W+ jets estimate. The predicted and observed transverse mass distribution

of events in these samples is shown on the left plot in Fig. 5.31.
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Figure 5.31: Distributions of mT in the Njets = 1, on the left, and Njets ≥ 2,
on the right, top-quark background control regions for the H→WW (∗)→ `ν`ν
analysis of the 8 TeV data. The MC expectation is normalised to the data. The
right-most bin in the Njets ≥ 2 distribution contains events that would lie beyond
the right edge of the figure. The hatched area represents the uncertainty on
the signal and background yields from statistical, experimental, and theoretical

sources.

A good agreement is observed between data and MC for the number of events

in the CR. The lepton kinematics modelling of the simulation is also satisfactory.

The resulting normalisation factor for the H+1j analysis is 1.04± 0.02 (stat.) and

the total uncertainty on the estimated top quark background in the signal region is

28%.
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In the H+2j category the simulated top background is normalised to the data

using a control sample defined in a similar way as in the H+1j analysis described

above. Hence, the definition of the top background CR selects events with Nb-jet = 1.

The justification of the Nb-jet = 1 requirement is based on the analysis of the truth

jet composition of the tt̄ MC sample. Those studies show that the sample is quickly

dominated for Nb-jet, truth = 1 events as the VBF-specific selection is applied. This

implies that the top background estimation is sensitive to the modelling of additional

jets. Due to the poor statistics after this requirement, the normalisation factor

computed at this level is used to weight the top contribution from simulation to the

dilepton requirements in the SR.

Due to the low statistics of this CR with ee+µµ final states, all lepton flavours

are combined. In the top background CR, the requirements are imposed sequentially

in the same order as done in the SR. The transverse mass distribution is shown for

the top background CR after the OLV cut in the right plot in Fig. 5.31. Finally,

the resulting normalisation factor is 0.59± 0.07 (stat.) which reflects the limitation

of the non-VBF simulation in the corner of phase space with mjj > 500 GeV and

|∆yjj |> 2.8. The total uncertainty for this background, including both statistical

and systematic effects, is 39%.

5.9.7 WW Background Estimation

The WW background is the dominant background in H+0j category, comparable

to the top background in the H+1j, and still significant in the H+2j category. The

predictions in the H+0j and H+1j categories are normalised using CRs. The spirit

of the method to normalise the WW background relies on events with a dilepton

invariant mass different from the SR. In the H+2j case, the WW prediction is

obtained entirely from simulation because of the difficulty in isolating a kinematic

region that is sufficiently free of top background while still retaining high statistics.

The WW CR for the H+0j category is defined using the same selection as

the SR except that the ∆φ`` requirement is dropped and the m`` bound is modified:

50≤m``< 100 GeV. The selection of the m`` range is based on the reduction of the

theoretical uncertainties extrapolated from the CR to the SR. In the H+0j category,

the WW CR is ∼70% pure using this selection. A factor is used to extrapolate

the WW contribution into the SR. It is evaluated by subtracting from the data

events the predictions from MC backgrounds other than the WW and the data-

derived estimation for the W+ jets case. The normalisation factor is found to be

1.16± 0.04 (stat.). This factor is used to scale the MC WW contributions in the SR.
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Note that because of the large Z/γ∗ contamination in the WW CR in ee+µµ final

states, only the eµ+µe events are used to extract the WW normalisation factor

which is then applied to all lepton flavour cases. The H+0j analysis also uses a

VR which is defined as the CR but with the difference on the m`` requirement:

m`` > 100 GeV. This is used to double-evaluate the modelling of the simulation but

not to scale the WW background from MC.

In the H+1j category, the definition of the WW CR follows the same selection

as the corresponding SR as well. The difference with respect to the H+0j WW

CR is that the upper bound on m`` is replaced with a lower bound of 80 GeV:

m``> 80 GeV. In the H+1j category, events from WW contribute about 40% of the

total number of events in the WW CR due to the large contamination of top quark

processes. The same procedure to obtain the scale factor is used in this case. The

resulting WW normalisation factor is 1.03± 0.06 (stat.).
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Figure 5.32: Distributions of mT in the Njets = 0, on the left, and Njets = 1,
on the right, WW CR in the H→WW (∗)→ `ν`ν analysis for the 8 TeV data.
The MC expectation is normalised to the data. The top-quark and Z/DY → ττ
backgrounds are scaled using the normalisation factors derived from the corre-
sponding CRs described in the text. The hatched area represents the uncertainty
on the signal and background yields from statistical, experimental, and theoret-

ical sources.

Note that the normalisation factors derived from the top and Z/DY → ττ

CRs are applied to their corresponding contributions when these backgrounds are

subtracted to the data. The observed and predicted mT distributions for events in

the WW CRs are shown in Fig. 5.32 for the H+0j and H+1j categories separately.

The total uncertainty on the predicted WW background in the SR is 7.4%, 37%,

and 37% for the H+0j, H+1j, and H+2j categories, respectively.
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5.9.8 Summary of Background Estimates

The background estimation methods, and comparisons of data to MC agreement in

several control samples used in the H→WW (∗)→ `ν`ν analysis have been presented

in this section. Table 5.18 shows the expected and observed number of events in the

different CRs discussed above, which are used to normalise the MC prediction using

the observed yields. These include the WW in the H+0j and H+1j categories,

Z/DY → ττ in all jet multiplicities cases and top background in H+1j and H+2j.

The normalisation factors do not directly affect the final results of the analysis

since all CRs are implemented in a systematic way in the full likelihood. They are a

first guess at the appropriate background normalisation and are solely used to give a

more accurate representation of the final background expectation in plots and event

yield numbers.

Table 5.18: CR yields for 8 TeV data in different H→WW (∗)→ `ν`ν cate-
gories. The observed (Obs.) and expected event yields for the Higgs boson,
with mH = 125 GeV, signal (Higgs Signal) and the total SM background (Total
Bkg.) processes are given. The composition of Nbkg is given on the right. For
H+2j, the quoted Higgs signal corresponds to the VBF+VH production mech-
anisms combined, whereas the ggF process is added to the Total Bkg. column.
In general, no normalisation factors are applied with the following exception:
the top and Z/DY → ττ normalisation factors are applied for the corresponding

estimates in the WW CRs. All uncertainties are statistical.

Control
Obs.

Total Higgs
WW V V tt̄

Single
Z/DY W+ jets

Region bkg. Signal Top

WW
H+0j 2224 1970±17 31±0.7 1383±9.3 100±6.8 152±4.4 107±4.3 68±10 160±3.6
H+1j 1897 1893±17 1.9±0.3 752±6.8 88±5.5 717±9.5 243±6.7 37±7.5 56±2.5

Z → ττ
H+0j 1935 2251±31 2.5±0.2 61.0±1.9 8.5±1.1 4.5±0.8 2.7±0.6 2113±31 61±3.8
H+1j 2884 3226±34 7.5±0.3 117±2.7 22±3.1 570±8.4 50±3 2379±32 88±4.3
H+2j 212 224±7 0.6±0.1 13±1 4±1 44±3 5±1 148±6 9±1

Top
H+1j 4926 4781±26 12±0.5 184±3.7 43±9.5 3399±20 1049±13 72±3.1 35±2.2
H+2j 126 201±5 1.6±0.1 6.4±0.4 1.0±0.3 157±4 26±2 9±1 0.3±0.4

The distributions in the CRs and VRs show satisfactory agreement between

the data and the MC given the systematic uncertainties on the latter, which are

dominated by the overall theoretical uncertainties on the various background contri-

butions. These uncertainties do not propagate to the SR because they are replaced

by the statistical uncertainties on the data. The extrapolation uncertainties are

discussed in more detail in the next section.
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5.10 Systematic Uncertainties

The systematic uncertainties on the expected yields and cross sections can be divided

into two categories: experimental and theoretical. The former takes into account

uncertainties derived from the detector measurement such as the jet energy scale or

the b-jet tagging efficiency. The latter includes uncertainties such as the estimation

of the effect of higher-order terms through variations of the QCD scale inputs to

MC calculations. Some of these uncertainties are correlated between the signal and

background predictions, so the impact of each uncertainty is calculated by varying

the parameter in question and coherently recalculating the signal and background

event yields. For the largest backgrounds normalised using CRs (WW for Njets≤ 1

and top in H+1j and H+2j categories), the theoretical and experimental uncertain-

ties on the extrapolation are described below and the total uncertainties on these

backgrounds, as quoted in Section 5.9, are summarised at the end of this section.

5.10.1 Theoretical Systematic Uncertainties on the Signal

Theoretical uncertainties on the signal production cross sections include uncertain-

ties on the QCD renormalisation and factorisation scales, the PDF model used to

evaluate the cross section and acceptance, and the underlying event and parton

shower model used in the signal model [21, 24]. To evaluate the uncertainties from

the QCD factorisation and renormalisation scales, the scales are independently va-

ried up and down by a factor of two. For the ggF signal contribution in the H+0j

and H+1j analyses, the QCD scale uncertainties on the inclusive cross sections for

events with Njets≥ 0, ≥ 1, and ≥ 2 are assumed to be independent [127].

Those uncertainties are approximately 8%, 20%, and 70%, respectively, and

are calculated using the inclusive ggF process from the HHNLO program [128, 129].

They are converted into uncertainties on the cross sections in exclusive jet multipli-

city final states according to the prescription in Refs. [21, 127, 130]. The uncertain-

ties on the inclusive cross sections are shared across the exclusive jet multiplicity

categories, and in practice introduce anti-correlations among the predicted signal

yield for the different final states representing the migration of events among differ-

ent jet multiplicities. The sums in quadrature of those uncertainties are 17% and

37% for H+0j and H+1j, respectively.

Scale uncertainties on the ggF process as it appears in H+2j are evaluated

using the same procedure. In this case, two inclusive ggF processes are considered:

events with at least two jets and passing VBF-specific jet requirements but ignoring
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the CJV, and events with at least three jets, at least one of which would cause

the event to fail the CJV. MCFM [131] is used to evaluate the cross sections under

varied renormalisation and factorisation scales. A relative scale uncertainty of 43%

is assigned on the cross section for ggF events passing the VBF selection results.

The total scale uncertainty on the signal combines the ggF and VBF con-

tributions. For the VBF signal, the QCD scale uncertainty on the inclusive cross

section is estimated to be less than a percent and therefore is negligible. The large

scale uncertainties on the ggF mode are correspondingly diluted in the uncertainty

on the total signal yield, particularly for higher jet multiplicities. The corresponding

uncertainties on the total signal yield are 17%, 30%, and 7% for the H+0j, H+1j

and H+2j analyses, respectively. The total QCD scale uncertainty on the signal

includes an additional contribution of about 4%, corresponding to the QCD scale

uncertainty on the acceptance alone, which is correlated among the jet multiplicities.

The PDF uncertainties on the signal cross section and acceptance are eva-

luated following Refs. [20, 107, 132, 133], using the envelopes of error sets as well

as different PDF sets, applied separately to quark-quark, quark-gluon, and gluon-

gluon initiated processes. The dependence on the used value of αs(MZ) is also

included. The relative PDF uncertainty is 8% for the ggF and tt̄H processes and

3 − 4% for the quark-initiated VBF and V H processes. These uncertainties are

estimated by following the prescription in Ref. [132] and by using the PDF sets of

CT10 [107], MSTW [20], and NNPDF [133]. The PDF uncertainties are assumed

to be completely correlated among processes with identical initial states, regardless

of whether or not they are signal or background processes.

Uncertainties on the Powheg+Pythia8 modelling of signal processes, parti-

cularly the sensitivity to the underlying event and parton shower model, are esti-

mated by comparison to MC@NLO+Herwig. The resulting uncertainties are 3% for

the H+0j signal and 10% for the H+1j signal, anti-correlated between the jet mul-

tiplicity bins. For the H+2j analysis, the uncertainty on the effect of UE modelling

is evaluated through comparison of Powheg+Pythia6 samples generated with and

without the UE, and is 9% for the ggF process and 3% for the VBF process.

5.10.2 Dominant Systematic Uncertainties on Background

Processes

When carrying out the limit fit the total background shape uncertainty is dominated

by the uncertainty on the normalization of each background contributing to it.
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Hence, the total background shape uncertainty is mainly affected by changes in the

relative background contributions.

For backgrounds such as WW and top, that are evaluated through extrapo-

lation from a signal-depleted CR, theoretical uncertainties are reduced compared to

those on the absolute MC normalisation. The extrapolation to the signal region must

still be derived from simulation, so some theoretical uncertainties remain. The pa-

rameters are defined generally as the ratio of the number of events passing the signal

region selection to the number passing the CR selection as evaluated in simulation,

α=NSR/NCR. These are discussed in more detail below. For small backgrounds,

such as Wγ(∗) and WZ, the background acceptance is completely evaluated from

simulation and calculated cross sections are used for their normalisation. As a re-

sult, the associated theoretical uncertainties are larger than those for backgrounds

using CRs.

For WW , the parameters α0j
WW and α1j

WW denote the extrapolation parame-

ters for H+0j and H+1j, respectively. The uncertainties on these parameters are

evaluated according to the prescription of Ref. [21]. Four main sources of uncertainty

on the normalisation have been considered: QCD renormalisation and factorisation

scales, dependence on PDF, dependence on the MC generator and dependence on

the UE and PS model. Scale uncertainties have been computed using the MCFM

generator by varying the renormalisation and factorisation scales by a factor of 2.

PDF uncertainties are calculated as for the signal, using the same generator as used

for the central value of the α parameters.

The signal extraction procedure relies on the precise knowledge of the mo-

delling by simulation. These uncertainties are evaluated by comparing the α ex-

trapolation parameters from different generators: Powheg+Pythia8 and MCFM.

However, MC@NLO is not included in this comparison because the calculation

excludes singly-resonant processes and does not treat spin correlations at the ma-

trix element level. The UE and PS uncertainties are evaluated by comparing the

predictions of Powheg interfaced with Pythia8, Pythia6, and Herwig. The α

parameters are found to be positively correlated between H+0j and H+1j, as well

as for all of subdivisions of the signal region by lepton flavour and m``. The total

quoted uncertainties are about 2% and 4–6% for the H+0j and H+1j categories,

respectively. These values are summarised in Table 5.19. The modelling and scale

uncertainties have been checked using aMC@NLO [134, 135], which gives the same

results within the statistical uncertainties of the comparison.

Because themT distribution is used in the analysis to estimate the signal yield,

an additional theoretical uncertainty is evaluated on the shape of this distribution
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Table 5.19: Uncertainties on the extrapolation parameters α for the WW back-
ground in the H+0j and H+1j categories. Uncertainties due to the QCD scale,
PDF, parton shower (PS), underlying event (UE), and modelling of the NLO
qq, gq→WW processes are given. Each source, represented by a column, is as-
sumed to be uncorrelated, but for a given source the uncertainties are assumed
to be fully correlated among all signal regions with H+0j and H+1j. A relative
sign between two entries in a column indicates anti-correlation between those

signal regions for that source of uncertainty.

Final State Range (GeV) QCD scale (%) PS, UE (%) PDF (%) Modelling (%)

H+0j
eµ+µe 10<m``< 30 0.9 0.2 1.5 −1.2
eµ+µe 30≤m``< 50 0.9 0.8 1.1 −1.4
ee+µµ 12<m``< 50 1.0 0.3 1.1 1.7

H+1j
eµ+µe 10<m``< 30 1.6 0.5 2.0 −5.1
eµ+µe 30≤m``< 50 1.5 0.5 1.8 −5.0
ee+µµ 12<m``< 50 1.4 0.6 1.7 −3.1

for the dominant WW background. It is computed by comparing the mT shape pre-

dicted by the MCFM, Sherpa, Powheg+Pythia6, and MC@NLO+Herwig gen-

erators, as well as a comparison among showering algorithms. The resulting maximal

variations in the normalised mT distributions are about 20% and are concentrated in

the tails of the distribution. The envelope of the distributions from the comparison,

which is dominated by the differences between MCFM and MC@NLO+Herwig, is

taken as a relative shape uncertainty on the Powheg mT distribution.

The dominant uncertainties on the top background for the H+0j category

are the theoretical uncertainties on the component derived from MC simulation.

These total to 10% and include the effects of QCD scale, initial- and final-state

radiation, generator/PS model, the relative normalisation of tt̄ and single top, and

the interference between single top and tt̄, which is neglected when using separate

tt̄ and single top Monte Carlo samples. The top background for H+1j and H+2j

categories evaluated by extrapolation from a signal-depleted CR, as is the case for

WW , but the associated uncertainty is dominated by experimental uncertainties, to

be described in the next section. For H+1j, the uncertainty of 8% on α is evaluated

by comparison of simulated tt̄ and single top events with different QCD tunes for

initial- and final-state radiation. For H+2j, the uncertainty of 15% on α is evaluated

by comparing the modelling of various generators after the VBF-related selection.

The WW yield in H+2j is predicted from simulation. Two types of contri-

butions are considered: QCD and electroweak processes. For the former, a total
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uncertainty of 42% is dominated by QCD scale and PDF variations. For the latter,

which are non-negligible in H+2j category, a total uncertainty of 11% is obtained

by considering the QCD scale, the interference between QCD and Higgs boson pro-

cesses, and the difference between the Sherpa and MadGraph generators.

5.10.3 Uncertainties on Backgrounds Normalised to Control

Regions

For the backgrounds normalised using CRs (WW for the H+0j and H+1j categories

and top in the H+1j and H+2j analyses), the sources of uncertainty can be grouped

into three categories,

• the statistical uncertainty,

• two uncertainties related to the simulation-based extraction from the CR to

the signal region: theoretical and experimental,

• the uncertainty on the other contribution processes in the CR, which are sub-

tracted from the data yield to get the estimated number of events from the

targeted background in the corresponding CR.

These sources, and the resulting total uncertainty, are summarised in Ta-

ble 5.20. The uncertainties on α are defined and described above. The statistical

uncertainty is derived from the number of events in the corresponding CR, which can

be found in Table 5.18. The uncertainties from the normalisation of other processes

in the CR, as represented here, are necessarily approximate because of the correla-

tions among the backgrounds. However, these correlations are fully represented in

the statistical procedure to extract the results, as discussed in Section 5.11.2.

5.10.4 Experimental Uncertainties

The experimental uncertainties affect both the expected signal and background

yields, and are mainly associated with reconstruction efficiency, energy scale and

resolution of the different objects (leptons, jets, and Emiss
T ) in the event. The most

significant contributions are from the jet energy scale and resolution, the b-tagging

efficiency, and the 30% uncertainty on the fake factor used to calculate the W+ jets

background. There is also an experimental uncertainty associated to the integrated

luminosity which is 3.6% for the 2012 data. It is derived, following the methodology

of Ref. [136], from a preliminary calibration of the luminosity scale derived from

beam-separation scans of April 2012.
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Table 5.20: Total relative uncertainties on backgrounds normalised using CRs.
The statistical component (Stat.) is from the CR yields; the theoretical uncertain-
ties (Theory) are from the α extrapolation parameter; the experimental (Exp.)
uncertainties are given. The approximate uncertainties on the normalisation of
other processes in the CR (Crosstalk) are given. The WW and top in H+1j
are anti-correlated due to the b-jet selection, so that the uncertainties partially

cancel.

Estimate Stat. (%) Theory (%) Exp. (%) Crosstalk (%) Total (%)

WW
H+0j 2.9 1.6 4.4 5.5 7.4
H+1j 6 5 4 9 37

Top
H+1j 2 8 22 16 29
H+2j 10 15 29 19 39

The jet energy scale is determined from a combination of test beam, simula-

tion, and in situ measurements [137]. Its uncertainty is split into several independent

components: η intercalibration of jets from the central to the forward region, high-pT

jets, MC non-closure, topologies with close-by jets, different quark/gluon composi-

tion and response, the b-jet energy scale, impact from in-time and out-of-time event

pile-up, and in situ jet energy corrections. The latter is further divided into several

different categories depending on the physical source of the uncertainty. The jet

energy scale uncertainty, for jets with pT> 25 GeV and | η |< 4.5, is 1–5% depending

on pT and η. The jet energy resolution varies from 5% to 20% as a function of the

jet pT and η. The relative uncertainty on the resolution, as determined from in situ

measurements, ranges from 2% to 40%, with the largest value of the resolution and

relative uncertainty occurring at the pT threshold of the jet selection. The recon-

struction, identification, and trigger efficiencies for electrons and muons, as well as

their momentum scales and resolutions, are estimated using Z→ ``, J/ψ→ ``, and

W→ `ν decays (`= e, µ). The resulting uncertainties are all smaller than 1%. The

exception to this is the uncertainty on the electron selection efficiency, which varies

between 2% and 5% as a function of pT and η.

The efficiency of the b-tagging algorithm is calibrated using samples contain-

ing muons reconstructed in the vicinity of jets [118]. The resulting uncertainty on

the b-jet tagging efficiency varies between 5% and 12% as a function of jet pT.

The changes in jet energy and lepton energy/momentum due to systematic

variations are propagated to Emiss
T and Emiss

T,STVF; the changes in the high-pT object
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energy/momentum and in the Emiss
T quantities are therefore, fully correlated. Ad-

ditional contributions to the Emiss
T and Emiss

T,STVF uncertainty arise from jets with

pT< 20 GeV as well as from low-energy calorimeter deposits not associated with

reconstructed physics objects [59]; their effect on the total signal and background

yields is about 3%.

Lepton momentum scale uncertainties are also propagated to the Emiss,track
T

calculation. In addition, uncertainties are assigned to the scale and resolution of

the remaining Emiss,track
T component not associated with charged leptons. These

uncertainties are calculated by comparing the properties of Emiss,track
T in Z events

in real and simulated data, as a function of the sum of the hard pT objects in the

event.

In the fit to the mT distribution to extract the signal yield, the predicted

mT shape from simulation is used for all of the backgrounds except W+ jets. For

W+ jets, the shape is taken from the same data which is used to normalise the

background estimate, with the same fake factor applied. For the other backgrounds,

the impact of experimental uncertainties on the mT shapes for the individual back-

grounds and signal are evaluated, and no statistically significant dependence is ob-

served for the majority of the experimental uncertainties. Those experimental un-

certainties, which do produce statistically significant variations of the shape, have

no appreciable effect on the final results because the uncertainty on the mT shape

of the total background is dominated by the uncertainties on the normalisations of

the individual contaminations.

5.11 Statistical Model and Signal Extraction

In this section the statistical treatment for the analysis of the Higgs boson decay-

ing into a pair of W bosons is presented. Section 5.11.1 summarises the results

published in Ref. [138], in which the general formalism of a search as a statistical

test is outlined. The statistical significance of an observed signal can be quantified

by means of a p-value or its equivalent Gaussian significance, as discussed below.

Section 5.11.2 presents the statistical procedure for fitting the mT spectrum used in

the H→WW (∗)→ `ν`ν analysis. Details on the methods specific to the treatment

of each background process, as well as the combination across jet bins and across

years are discussed.
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5.11.1 Formalism of a Search as a Statistical Test

For purposes of discovering a new signal process, the null hypothesis (H0) can be

defined as describing only known processes, the so-called background-only hypoth-

esis. This is to be tested against the alternative hypothesis (H1), which includes

both background as well as the signal. When setting limits, the model with signal

plus background is tested against the background-only hypothesis.

To summarise the outcome of such a search one quantifies the level of agree-

ment of the observed data with a given hypothesis H by computing a p-value. The

p-value is the probability, under the assumption of H, of finding data of equal or

higher incompatibility with the predictions of H. Moreover, one can regard the hy-

pothesis as excluded if its p-value is observed below a specified threshold. It is

possible to convert the p-value into an equivalent significance, Z, defined such that

a Gaussian distributed variable found Z standard deviations above its mean has an

upper-tail probability equal to p. That is,

Z = φ−1(1− p) , (5.20)

where φ−1 is the quantile (inverse of the cumulative distribution) of the standard

Gaussian. For example, a significance of Z > 5 corresponds to p < 2.9× 10−7.

The sensitivity of an analysis can be reported by the median, so-called ex-

pected, significance that one would obtain with a given measurement under the

assumption of the hypothesis. In light of this, the sensitivity to discovery of a given

signal process H1 could be characterised by the median value, under the assumption

of H1, of the value of Z obtained from a test of H0.

Consider an experiment where for each selected event one measures the values

of certain kinematic variables. Suppose for each event in the signal sample one

measures a variable x and uses these values to construct an N -bin histogram with

n = (n1, ..., nN ). The expectation value of ni can be written E[ni] = µsi+ bi, where

the mean number of entries in the ith bin from the signal and background are,

si = stot

∫
bin i

fs(x|~θs) dx , bi = btot

∫
bin i

fb(x|~θb) dx . (5.21)

Here the parameter µ determines the strength of the signal process, with µ = 0

corresponding to the background-only hypothesis and µ = 1 being the nominal

signal hypothesis. The functions fs(x|~θs) and fb(x|~θb) are the probability density

functions (pdfs) of the variable x for signal and background events, and ~θs and ~θb

represent parameters that characterize the shapes of pdfs. The quantities stot and
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btot are the total mean numbers of signal and background events. Here we will use

~θ = (~θs, ~θb, btot) to denote all of the nuisance parameters.

In addition to the measured histogram ~n often subsidiary measurements are

made in order to constrain the nuisance parameters. These then give a set of values

~m = (m1, ..., mM ) for the number of entries in each of the M bins. The expectation

value of mi can be written E[mi] = ui(~θ), where the ui are calculable quantities

depending on the parameters ~θ.

In this case, the likelihood function is the product of the Poisson probabilities

for all bins,

L(µ, ~θ) =

N∏
j=1

(µsj + bj)
nj

nj !
e−(µsj+bj)

M∏
k=1

umkk
mk!

e−uk . (5.22)

To test a hypothesis value of µ we consider the profile likelihood ratio [139],

λ(µ) =
L(µ,

ˆ̂
~θ)

L(µ̂, ~̂θ)
, (5.23)

where
ˆ̂
~θ, in the numerator, denotes the value of ~θ that maximizes L for the specified

µ, i.e., it is the conditional maximum-likelihood (ML) estimator of ~θ; and thus it

is a function of µ. The ~̂θ, in the denominator, is the maximized (unconditional)

likelihood function, i.e., µ̂ and ~̂θ are the ML estimators.

From the definition of λ(µ) in Eq. 5.23, it can be seen that 0 ≤ λ ≤ 1, with λ

near 1 implying better agreement between the data and the hypothesized value of

µ. Equivalently, it is convenient to use the statistic,

tµ = −2 lnλ(µ) , (5.24)

as the basis of a statistical test. Higher values of the tµ thus correspond to increasing

incompatibility between the data and µ. To quantify the level of agreement, between

the observed data and the hypothesis, the p-value is computed,

pµ =

∫ ∞
tµ,obs

f(tµ|µ) dtµ , (5.25)

where tµ,obs is the value of the statistic tµ observed from the data and f(tµ|µ)

denotes the pdf of tµ under the assumption of the signal strength µ.

The statistic test for discovery: For discovery purposes it is convenient to
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test the µ = 0 hypothesis. Rejecting µ = 0 amounts to discovering a new signal. In

such a case it is possible to define the test such that the data are only regarded as

discrepant with the hypothesis µ = 0 if an excess of events is observed, hence µ̂ > 0.

The test is defined as,

q0 =

−2 lnλ(0) if µ̂ ≥ 0 ,

0 if µ̂ < 0 ,
(5.26)

where λ(0) is the profile likelihood ratio for µ = 0 as defined in Eq. 5.23. The p-value

calculated for this test statistic will then take the form,

p0 =

∫ ∞
t0,obs

f(q0|0) dq0 . (5.27)

This is, the primary role of the p-value is to quantify the probability that

the background-only model gives a statistical fluctuation as big as the one seen or

bigger.

The statistic test for upper limits: For purposes of establishing an upper

limit on the strength parameter µ, it can be defined,

qµ =

−2 lnλ(µ) if µ̂ ≤ µ ,

0 if µ̂ > µ ,
(5.28)

where λ(µ) is the profile likelihood ratio from Eq. 5.23. The reason for setting qµ = 0

for µ̂ > µ is that when setting an upper limit, one would not regard data with µ̂ > µ

as representing less compatibility with µ than the data obtained, and therefore this

is not taken as part of the rejection region of the test. From the definition of the test

statistic one sees that higher values of qµ represent greater incompatibility between

the data and the hypothesis value of µ.

For the case in which the model considers µ ≥ 0, if the data provides µ̂ < 0,

the best level of agreement between the data and any physical value of µ occurs for

µ = 0. In this case the profile likelihood ratio can be defined as below,

λ̃(µ) =


L(µ,

ˆ̂
~θ(µ))

L(µ̂,~̂θ)
if µ̂ ≥ 0 ,

L(µ,
ˆ̂
~θ(µ))

L(0,
ˆ̂
~θ(0))

if µ̂ < 0 .
(5.29)
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Where
ˆ̂
~θ(0) and

ˆ̂
~θ(µ) refer to the conditional ML estimators of ~θ given a strength

parameter of 0 and µ, respectively.

Then, the variable λ̃(µ) can be used instead of λ(µ) in Eq. 5.23 to obtain the

corresponding test statistic, which is denoted by q̃µ,

q̃µ =

−2 ln λ̃(µ) if µ̂ ≤ µ

0 if µ̂ > µ
=


−2 ln L(µ,

ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

if µ̂ < 0 ,

−2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
if 0 ≤ µ̂ ≤ µ ,

0 if µ̂ > µ .

(5.30)

This test statistic is known as the alternative test statistic and it is used in

the H→WW (∗)→ `ν`ν analysis for setting upper limits on the parameter of interest

µ.

Frequentist method CLs: It can be that the effect of a given hypothesis µ is

very small relative to the background-only prediction. This means that the pdf for

both will be almost the same and the probability to reject µ if it is true will be close

to the probability to reject µ if µ = 0. In this case one could exclude hypotheses to

which one has essentially no sensitivity. This effect is known as spurious exclusion.

The problem of spurious exclusion has been known for more than 30 years [140]. In

the 1990s this was re-examined for the LEP Higgs search leading to the modified

frequentist method, known as CLs [141]. This method is used to compute 95%

confidence intervals on the signal strength parameter µ. The CLs solution is to base

the test not on the usual p-value, CLs+b, but rather to divide this by CLb, which is

approximately one minus the p-value of the background-only hypothesis,

CLs =
CLs+b

CLb
=

pµ
1− pb

, (5.31)

where the pµ and pb are the p-values derived from the pdf distributions f(q̃µ| µ, θ̂µ)

and f(q̃µ| 0, θ̂0), respectively:

pµ =

∫ ∞
q̃µ,obs

f(q̃µ| µ)dq̃µ , pb =

∫ q̃µ,obs

−∞
f(q̃µ| 0)dq̃µ . (5.32)

The 95% CL upper limit on µ is the solution to CLs = 0.05.
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5.11.2 Statistical Procedure in the H→WW (∗)→ `ν`ν Analysis

The statistical treatment in the H→WW (∗)→ `ν`ν analysis follows the procedure

covered in Ref. [138] which is summarised in Section 5.11.1.

The H→WW (∗)→ `ν`ν search uses the likelihood function (L) computed as

the product of Poisson functions for each phase space defined in the analysis. The

product is done over all lepton final states: ee, µµ, eµ and µe in each of the three jet

bin categories: Njets = 0, Njets = 1, and Njets ≥ 2. In the Poisson term for the signal

region µ scales the expected signal yield, with µ = 0 corresponding to no signal and

µ = 1 corresponding to the Higgs boson hypothesis with mH = 125 GeV. The signal

strength µ is found by maximising L that is defined using the mT distribution for

events passing the event selection described in Section 5.7. The final cut on the

transverse mass is left out as this spectrum will be used in the fitting procedure.

As mentioned in Section 5.7.5, the samples for the eµ+µe final state in Njets≤ 1 are

split at m`` = 30 GeV, treating them as separate signal regions.

The MC is not distributed homogeneously across the transverse mass range,

as Fig. 5.25 shows. This degrades the performance and leaves many bins with

low MC statistics. For this reason, the mT distribution in the signal region is

mapped separately in each lepton final state such that the sum of the backgrounds

is uniformly distributed across the mass range. The number of bins used for the

remapping is driven by the available MC statistics at the end of the event selection.

The H→WW (∗)→ `ν`ν analysis uses five, three and four bins in the H+0j, H+1j

and H+2j categories, respectively. The exception is the H+2j category in 2011

data for which no binning is carried out, since the statistics are very low after the

full event selection is applied, as seen in Tab. C.4.

The background treatment uses extrapolation factors to describe how the

fitted background rates translate from the CR to the signal region. Rather than

using these normalisation factors values, an equivalent parametrisation is used,

L(µ, µb) = P (N |µs+ µbb
exp
SR )× P (M |µbbexp

CR) (5.33)

where bexpSR and bexpCR are expected background yields in the signal and CR determined

by simulation, µ is the signal strength parameter, and µbb
exp
CR is the background

strength parameter.

The strength parameters are allowed to move freely to best fit the data. The

expected signal and background yields in the Poisson distribution are allowed to
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vary within the allowed range of the relevant systematic uncertainties. Such an

uncertainty is parametrised by the corresponding nuisance parameter θ that can be

constrained by an unit Gaussian,

G(θ̃|θ, 1) =
1√
2π

e
(θ̃−θ)2

2 , (5.34)

or a Poisson distribution,

P(θ̃|θα) =
(θα)θ̃e−θα

θ̃!
, (5.35)

where α is a constant taken as the nominal value of θ̃. When adding the nuisance

parameter, θ, one can consider a constraint N(θ̃|θ) representing an auxiliary mea-

surement θ̃ related to the nuisance parameter θ. In practice, there are as many

nuisance parameters as uncertainties and it will be referred to as the vector of the

nuisance parameters, ~θ.

Expanding the simple likelihood given in Eq. 5.33 to the one used in this

analysis, a product over lepton flavours and jet multiplicities is done. Because the

mT distribution is binned, a product over the mT bins is also present. The strength

parameters µb, that were introduced in Eq. 5.33, are applied to the WW background

in the H+0j and H+1j analyses, as well as the top background in the H+1j and

H+2j analyses. The other backgrounds are added to the Poisson expectations. The

full likelihood can be written as,

L(µ, ~θ) =
∏

k=ee,eµ,µe,µµ

Njets∏
j=0

Nbins∏
i=1

P(Nijk|µsijk +

Nbkg∑
m

bijkm)×
Nθ∏
i=1

N(θ̃|θ) . (5.36)

The signal and background expectations are functions of the nuisance param-

eters θ. These functions are parametrised such that the response of s and b to each

θ is factorised from the nominal value of the expected rate. That is, s = s0×
∏
ν(θ)

and similarly, b = b0 ×
∏
ν(θ); where the form of ν(θ) depends on the systematic

source. There are four general cases,

• Case 1. Systematics that do not change the mT shape, flat systematics, take

the form νflat(θ) = κθ, where κ is determined by measuring νflat at θ = ±1.

In this case, the constraint term on θ that is present in the likelihood is a unit

gaussian.
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• Case 2. If the systematic affects the shape, the shape variation is first sepa-

rated into a flat component and a pure shape component, such that varying

pure shape component of s or b has no effect on the expected rate. The flat

component is treated as described above. The pure shape component uses ver-

tical linear interpolation to estimate the variation, and so it is distributed as a

truncated gaussian. Explicitly, νshape(θ) = 1 + εθ, where ε is again determined

by measuring νshape at θ = ±1 and the constraint is a unit gaussian. The

truncation is imposed such that νshape(θ < −1
ε ) = 0. Note that systematic

sources can have both a normalisation, case 1, and shape component. In this

case, the same θ is shared between both functions νflat(θ) and νshape(θ).

• Case 3. This case takes into account the treatment of purely statistical uncer-

tainties. It refers to uncertainties from MC statistics or data-driven methods.

This constrain represents an auxiliary measured number of events θ̃ with an

expected number θα. It is the Poisson probability as given in Eq. 5.35.

• Case 4. The final case is where it is used a CR to constrain the normalisation of

a background. The expected number of events is λ = µs+θbtarget+
∑Nbkg−1

i bi,

where btarget is the background targeted by the CR. This properly takes into

account the contamination due to both the signal and other backgrounds. In

the full likelihood there are four nuisance parameters representing the strengths

of the two major backgrounds: WW in H+0j and H+1j analyses, and top

in H+1j and H+2j analyses. Moreover, the strength parameters multiply

the expected background anywhere that background is present. In this way,

the contaminations among the various CRs are treated properly. Although

there are only four unique background strength parameters, a separate Poisson

constraint is present for each leptonic final state and jet multiplicity which

means 12 constraints of this form.

Because each θ represents a different systematic source, one θ can affect mul-

tiple signal and background rates in a correlated way. For all samples, shape un-

certainties due to b-tagging, electron, trigger, and isolation efficiency, are included.

For the W+ jets, the shape uncertainty on the fake rate is also included. Finally,

the Emiss
T and pileup shape uncertainties on the ggF signal are added.

The use of a fit, instead of a selection of events in a range of mT, increases the

sensitivity of the analysis but also generates additional systematic uncertainties on

the modelling of the shape of the mT distribution for the backgrounds. In light of
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this, an uncertainty on the modelling of the mT shape is determined by comparing

several generators and showering simulations, as presented in Section 5.10.

The statistical workspaces for the 2011 and 2012 data taking periods are made

separately. Hence, to produce the combined results for the 7 + 8 TeV analyses, it

is important to take into account the correlated effect of systematic uncertainties

across years. In general, all nuisance parameters are treated as 100% correlated

except for those which are statistical in origin or have a different source in the two

datasets as the statistical component of the jet energy scale calibration, b-tagging

efficiency, luminosity uncertainty or the uncertainty on the soft term in the Emiss
T

calculation.

In Section 5.12, the results are reported with the signal significance and the

corresponding p0 value, the 95% CL exclusion curves, the signal strength parameter

µ, and a two-dimensional plot of µ vs. mH.

5.12 Results

This section presents the results of the H→WW (∗)→ `ν`ν analysis using the 7 TeV

and 8 TeV datasets collected by the ATLAS detector. First, the comparison of ob-

served and expected signal and background yields is given in Section 5.12.1, following

the event selection for 2012 and the re-analysis of the 2011 data shown in Section 5.7

and Section 5.8, respectively. The statistical interpretations of the 7 TeV and the

8 TeV analysis are given in Section 5.12.2 and Section 5.12.3, respectively. The in-

terpretation of the combined 7 TeV and 8 TeV results is discussed in Section 5.12.4.

Then the statistical results for the ggF and VBF production modes are presented

in Section 5.12.5. Finally, the results in Section 5.12.6 present the measurement of

the Higgs boson production cross section.

5.12.1 Expected Signal and Background Event Yields

In Section 5.7 the observed and expected signal and background yields in the signal

regions of the 8 TeV modes are given in Tabs. 5.10, 5.11, 5.13, 5.12, 5.14, and 5.15

for each of the final states in which the H→WW (∗)→ `ν`ν analysis is divided.

Figure 5.25 shows the distributions of the transverse mass after the selection using

the 2012 dataset in each of the H+0j, H+1j and H+2j analyses, for the eµ+µe

and ee+µµ final states separately using 8 TeV data. In general, an excess of events

relative to the total background is seen.
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Similar tables for the re-analysis of the 7 TeV data are presented in Section 5.8.

Tables C.2, C.3, and C.4 of Appendix C show the observed and expected event yields

using the 2011 dataset. The corresponding mT distributions for the 7 TeV data are

shown in Fig. 5.26 for H+0j and H+1j categories combining all final lepton flavours.

The summary for the ggF production mechanism of the Higgs boson, with

mH = 125 GeV, in the H→WW (∗)→ `ν`ν analysis is presented in Fig. 5.33. It shows

the transverse mass distribution after the full selection for Njets ≤ 1 combining both

2011 and 2012 data periods. It can be seen that the region with mT> 150 GeV

is depleted of signal contributions. The level of agreement of the data with the

expectation in the highmT region, which is different from those used to normalise the

backgrounds, illustrates the quality of the background estimates. The lower insert

of the plot shows that the observed spectrum after the total estimated background

is subtracted from the data is similar to that expected from the Higgs boson signal,

with mH = 125 GeV. Equivalently, for the VBF production mode of the Higgs boson,

with mH = 125 GeV, Fig. 5.34 shows the transverse mass distribution after the full

selection for the H+2j category considering eµ+µe final states and combining the

2011 and 2012 datasets.

The summary of the observed and expected yields for the signal and back-

ground processes after the full event selection is given in Tab. 5.21 for the 8 TeV

data and in Tab. 5.22 for the 7 TeV data. To reflect better the sensitivity of the

analysis additional thresholds on mT have been applied, as specified in Section 5.7.5:

0.75mH<mT<mH for Njets≤ 1 and mT< 1.2mH for Njets ≥ 2. Nevertheless, note

that the full transverse mass range is used for the fit procedure, as detailed in

Section 5.11.2. The yield results are shown for the eµ+µe and ee+µµ final states

combined. The VBF process contributes 2%, 12%, and 81% of the Higgs boson

(mH = 125 GeV) expected yield in the signal region of the H+0j, H+1j, and H+2j

analyses, respectively. The uncertainties in the tables include the systematic un-

certainties discussed in Section 5.10 and correspond to those entering the statistical

procedure. The total uncertainty on the background is calculated accounting for the

correlations among the individual backgrounds and includes all contributions. The

total number of observed events in the mT window defined above is 218 in the 7 TeV

and 1195 in the 8 TeV data, to be compared with the total expected SM background

213± 13 and 1040± 60, respectively.

The main sources of systematic uncertainties are summarised in Tab. 5.23.

As for Tabs. 5.21 and 5.22, the values are for events in the mT range. Moreover, the

constraints from CRs are included. The uncertainties are shown by source rather

than by their impact on the signal or a particular background. The leading sources,
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Figure 5.33: The transverse mass distributions for events passing the full selec-
tion of the H→WW (∗)→ `ν`ν analysis summed over all lepton flavours for final
states with Njets ≤ 1. The signal is stacked on top of the background in red.
The hatched area represents the total uncertainty on the sum of the signal and
background yields from statistical, experimental, and theoretical sources. In the
bottom part of the plot, the residuals of the data with respect to the estimated
background are shown, compared to the expected mT distribution of a Higgs

boson with mH = 125 GeV.

i.e., those resulting in at least 4% uncertainty on the total signal or background

yield in at least one Njets category, are reported. Larger uncertainties from the QCD

renormalisation and factorisation scales affect the predicted distribution of the ggF

signal among the exclusive jet bins and can produce migration between categories.

Their impact on the signal yield is summarised in Table 5.23, in addition to other

non-negligible contributions: parton shower and underlying event modelling, as well

as acceptance uncertainties due to QCD scale variations. The largest impact on the

signal expectation comes from the knowledge of the jet energy scale and resolution,

which is up to 6% in the H+2j category.

For the WW background in the Njets ≥ 1 final states, the theoretical un-

certainties on the transfer factors include the impact of missing higher-order QCD

corrections, PDF variations, and MC modelling choices, as described in Section 5.10.
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Figure 5.34: The transverse mass distributions for events passing the full selec-
tion of the H→WW (∗)→ `ν`ν analysis for eµ+µe final states with Njets ≥ 2. The
signal of the Higgs boson with mH = 125 GeV is stacked on top of the background.
It is shown separately for the ggF and VBF production processes. The hatched
area represents the total uncertainty on the sum of the signal and background

yields from statistical, experimental, and theoretical sources.

They amount to ±1% and ±2% relative to the total predicted background in the

Njets = 0 and Njets = 1 final states, respectively. For the WW yield in the Njets ≥ 2

category, which is obtained from simulation, the systematic uncertainty relative to

the total expected background is 4%. The leading uncertainties on the top-quark

background are experimental. The b-tagging efficiency is the most important of

these, and it appears in Tab. 5.23 primarily through its effect on this background.

The W+ jets transfer factor uncertainty is dominated by differences in the jet

composition between dijet and W+ jets samples as covered in Section 5.9.2. The

uncertainties on the muon and electron transfer factors are treated as correlated

among the Njets categories but uncorrelated with each other. The impact on the

total background uncertainty is at most ±2.5%. The main uncertainty on the Drell-

Yan contribution in the H+0j and H+1j categories comes from the use of the frecoil

(Section 5.6.3.2) efficiency for the estimation of the Drell-Yan contamination in the

signal region for the ee+µµ final states, as described in Section 5.9.4.
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Table 5.21: The number of events observed in the 8 TeV data and expected from
a Higgs signal (mH = 125 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njets≤ 1 and mT < 1.2mH for Njets ≥ 2. All lepton
flavours are combined. The total background is shown at the top of the table
and its main components are shown at the bottom. Note that for Njets ≥ 2
the ggF contribution of the Higgs boson signal is added to the total background
expectation. The quoted uncertainties include the statistical and systematic con-
tributions and account for anticorrelations between the background predictions.

Njets Nobs Nbkg Nsig

= 0 831 739± 39 100± 21
= 1 309 261± 28 41± 14
≥ 2 55 36± 4 10.9± 1.4

NWW NV V Ntt̄ Nt NZ/DY NW+ jets

551± 41 58± 8 23± 3 16± 2 30± 10 61± 21
108± 40 27± 6 68± 18 27± 10 12± 6 20± 5
4.1± 1.5 1.9± 0.4 4.6± 1.7 0.8± 0.4 22± 3 0.7± 0.2

Table 5.22: The number of events observed in the 7 TeV data and expected from
a Higgs signal (mH = 125 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njets≤ 1 and mT < 1.2mH for Njets ≥ 2. All lepton
flavours are combined. The total background is shown at the top of the table
and its main components are shown at the bottom. Note that for Njets ≥ 2
the ggF contribution of the Higgs boson signal is added to the total background
expectation. The quoted uncertainties include the statistical and systematic con-
tributions and account for anticorrelations between the background predictions.

Njets Nobs Nbkg Nsig

= 0 154 161± 11 25± 5
= 1 62 47± 6 7± 2
≥ 2 2 4.6± 0.7 1.2± 0.2

NWW NV V Ntt̄ Nt NZ/DY NW+ jets

113± 10 12± 2 5± 1 4± 1 6± 3 21± 5
16± 6 5± 1 10± 3 6± 2 5± 2 5± 1

0.7± 0.2 - 0.7± 0.4 0.1± 0.1 2.4± 0.4 0.3± 0.2

5.12.2 7 TeV Results

Using the data collected in 2011 the expected significance for the Higgs boson at

mH = 125 GeV is 1.8σ, which corresponds to p0 = 0.04. The observed significance

using the 2011 data is 0σ, which translates into p0 = 0.5. This result is compatible
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Table 5.23: The leading systematic uncertainties on the expected event yields
for the 8 TeV analysis. All numbers are summed over lepton flavours. The first
four rows are calculated for inclusive Njets modes and redistributed to exclusive
ones, as shown in Section 5.10. The QCD scale uncertainties on the inclusive
ggF cross sections are anti-correlated between the exclusive Njets modes. Sources
contributing less than 4% to any column, and individual entries below 1%, are

indicated with ’-’.

Signal processes (%) Background processes (%)
Source H+0j H+1j H+2j H+0j H+1j H+2j

Theoretical uncertainties
QCD scale for ggF signal for Njets≥ 0 13 - - - - -
QCD scale for ggF signal for Njets≥ 1 10 27 - - - -
QCD scale for ggF signal for Njets≥ 2 - 15 4 - - -
QCD scale for ggF signal for Njets≥ 3 - - 4 - - -
Parton shower and UE model (signal only) 3 10 5 - - -
PDF model 8 7 3 1 1 1
H→WW branching ratio 4 4 4 - - -
QCD scale (acceptance) 4 4 3 - - -
WW normalisation - - - 1 2 4

Experimental uncertainties
Jet energy scale and resolution 5 2 6 2 3 7
b-tagging efficiency - - - - 7 2
frecoil efficiency 1 1 - 4 2 -

with 1.8 σ with a Higgs boson signal at mH = 125 GeV. The highest value of 0.8σ

(p0 = 0.22) occurs at mH = 158 GeV.

The best-fit value of the signal strength at mH = 125 GeV is µ= 0.0± 0.6.

This result is consistent with the previous published analysis [68] using the 7 TeV

data, µ= 0.5± 0.7 at mH = 125 GeV.

5.12.3 8 TeV Results

Using the data collected during the 2012 year the expected significance for the

signal with mH = 125 GeV is 3.5σ corresponding to p0 = 2× 10−4. The observed

significance using the 2012 dataset is 4.3σ, which corresponds to p0 = 1× 10−5. The

highest value of 4.5σ (p0 = 4× 10−6) occurs at mH = 135 GeV. The best-fit signal

strength µ at mH = 125 GeV is,

µobs, 8 TeV = 1.26± 0.24 (stat.)± 0.21 (th. syst.)± 0.14 (exp. syst.)± 0.06 (lumi.)

= 1.26± 0.35 .

The expected best-fit µ at mH = 125 GeV is given below,
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µexp = 1± 0.23 (stat.)± 0.23 (syst.)

= 1± 0.33 .

The expected best-fit µ value in Ref. [142], obtained using 13 fb−1 at
√
s = 8 TeV, is

1± 0.32 (stat.)± 0.42 (syst.). For both analyses, the systematic uncertainty includes

a small but non-negligible contribution from the statistical uncertainty on the anal-

ysis inputs derived from simulation. The expected precision is improved relative

to Ref. [142] primarily because of the reduced extrapolation uncertainties from the

WW CR in H+0j and the increase in integrated luminosity. The statistical and

systematic uncertainties are comparable in the present analysis.

5.12.4 Combined 7 TeV and 8 TeV Results

In this section, the expected and observed results are given for the combination

of the 7 TeV and 8 TeV data periods for all jet multiplicities and all final lepton

flavours. The expected significance of the Higgs signal with mH = 125 GeV is 3.7σ,

which corresponds to p0 = 1× 10−4. The observed significance at mH = 125 GeV is

3.8σ and it corresponds to p0 = 8× 10−5. The highest value of 4.1σ (p0 = 2× 10−5)

occurs at mH = 140 GeV. Figure 5.35 shows the p0 curves for the expected and the

observed data. The Higgs boson signal expectation is for mH = 125.5 GeV, which

corresponds to the best fit mass from the combined H → γγ and H → ZZ → 4`

results [143]. The shape and normalisation of the expected and observed p0 curves

are in agreement within the ±1σ uncertainty band on the expected p0 values across

the mass range.

To measure the Higgs boson production strength, the parameter µ is de-

termined from a fit to the data using the profile likelihood ratio for a fixed mass

hypothesis corresponding to mH = 125 GeV. The excess of events corresponds to

an observed strength parameter compatible with the Higgs boson prediction with

mH = 125 GeV,

µobs = 1.01± 0.21 (stat.)± 0.19 (th. syst.)± 0.12 (exp. syst.)± 0.04 (lumi.)

= 1.01± 0.31.
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Figure 5.35: The expected (dashed) and observed (solid) local p0 values as a
function of mH for the H→WW (∗)→ `ν`ν analysis of the combined 7 TeV and
8 TeV data. The green band indicates ±1σ uncertainty on the expected p0 curve,

and the yellow band represents ±2σ uncertainty.

Table 5.24 lists the sources of the uncertainties on µ. The dominant system-

atic uncertainty is the theoretical uncertainty on the WW background normalisa-

tion. Another important contribution is the experimental systematic uncertainty,

which is dominated by contributions from the b-tagging efficiency and the jet energy

scale and resolution, as Tab. 5.23 shows. A significant contribution comes from the

normalisation of the signal yield including the uncertainty on the cross section and

the branching ratio.

Table 5.24: Leading uncertainties on the signal strength µ for the combined 7
and 8 TeV analysis.

Category Source Uncertainty, up (%) Uncertainty, down (%)

Statistical Observed data +21 −21
Theoretical Signal yield (σ · B) +12 −9
Theoretical WW normalisation +12 −12
Experimental Objects and DY estimation +9 −8
Theoretical Signal acceptance +9 −7
Experimental MC statistics +7 −7
Experimental W+ jets fake factor +5 −5
Theoretical Backgrounds, excluding WW +5 −4
Luminosity Integrated luminosity +4 −4

Total +32 −29
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Figure 5.36 shows the profile likelihood from the 2011+2012 analyses with two

parameters of interest, µ and mH. The scan of the likelihood ratio is shown in the µ-

mH plane. TheH→WW (∗)→ `ν`ν result is compared to that ofH→ZZ(∗)→4` [144]

and H→γγ [145]. The best-fit signal strength values for the three categories are

consistent at 68% CL.
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Figure 5.36: Two-dimensional likelihood contours in the (µ, mH) plane for the
H → γγ, H → ZZ → 4` and H→WW (∗)→ `ν`ν analyses. The markers
indicate the best-fit estimates in each case. The 68% (solid) and 95% (dashed)
CL are shown. Mass scale systematic uncertainties are treated as uncorrelated

between the three decay modes for the individual contours.

5.12.5 Separation of VBF and ggF Production Mechanisms

The measurements of the signal strength described in Section 5.12.4 do not provide

direct information of the relative contributions of the different production mecha-

nisms of the Higgs boson. However, in addition to the total signal strength, the

signal strength of different production processes can be determined exploiting the

sensitivity offered by the use of different jet multiplicities in this analysis.

The 7+8 TeV combined data are fitted separating the VBF production mode

of the Higgs boson, with mH = 125 GeV, from the ggF production mechanism.

Statistical tests of a VBF signal are performed on the 7 TeV and 8 TeV data by

considering the ggF signal as part of the background. The test defines µVBF, the

signal strength parameter associated with the VBF process, as the parameter of

interest. The ggF signal strength µggF is profiled, and is constrained mainly by the

Njets≤ 1 signal regions.
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Figure 5.37 compares the observed p0 curve with the expected distribution in

the presence of the Higgs boson with, mH = 125 GeV, produced via the VBF process.

The observed and expected results are compatible within the ±1σ uncertainty band

on the expected p0 curve.
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The 95% CL exclusion on the VBF strength parameter is shown in Fig. 5.38.

The expected VBF signal significance at mH = 125 GeV is 1.6σ, which corresponds

to p0 = 0.05. The observed significance from the 2011+2012 data result is 2.5σ,

which corresponds to p0 = 0.007. The highest observed significance corresponds

to p0 = 0.006 and occurs at mass mH = 115 GeV. The observed strength parameter

measured for the VBF production mode is consistent with the Higgs boson prediction

with mH = 125 GeV,

µobs, VBF = 1.66± 0.67 (stat.)± 0.42 (syst.)

= 1.66± 0.79.

Similarly, µggF has been measured using the 7+8 TeV combined data by con-

sidering the VBF signal as part of the background. In this test, µVBF is constrained

mainly by the H+2j signal region. The best-fit signal strength at mH = 125 GeV is,

µobs, ggF = 0.82± 0.24 (stat.)± 0.28 (syst.)

= 0.82± 0.36.
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Figure 5.39: Likelihood contours in the (µggF+ttH, µVBF+VH) plane for the
H→γγ, H→ZZ(∗)→ 4`, and H→WW (∗)→ `ν`ν final states for a Higgs boson
with mH = 125 GeV. The best-fit to the data (x) and the 68% (solid) and 95%

(dashed) CL curves are indicated, as well as the SM expectation (+).
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The data are fitted separating vector-boson-mediated processes, VBF and

VH, from gluon-mediated processes, ggF and ttH. Two signal strength parameters

are introduced µggF+ttH = µggF = µttH and µVBF+VH = µV BF = µV H , which scale

the SM-predicted rate to that observed. The results are shown in Fig. 5.39 for the

different considered final states, H→γγ, H→ZZ(∗)→4`, and H→WW (∗)→ `ν`ν.

The 95% CL contours of the measurements are consistent with the SM expectation.

A model-independent test can be done by measuring the ratio µVBF+VH

µggF+ttH
. The

results of the fit to the data with the likelihood Λ(µV BF+V H/µggF+ttH) are shown

in Fig. 5.40.
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Figure 5.40: Measurements of the µV BF+VH/µggF+ttH ratios for the individual
diboson final states and their combination, for a Higgs boson withmH = 125 GeV.
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Chapter 5. H→WW (∗)→ `ν`ν Analysis 197

The H→WW (∗)→ `ν`ν result has a larger best-fit ratio,

µV BF+V H

µggF+ttH
= 2.0+2.2

−1.0 , (5.37)

compared with the other channels. However this result is consistent with the H→γγ

and H→ZZ(∗)→4` analyses at 68% CL.

5.12.6 Total Cross Section Measurement

In the statistics formalism the signal strength µ, is defined as a factor scaling the

MC yield to the observed data. In case we have K number categories, different for

the final state flavour combinations and jet binning, the likelihood can be written

as,

L(µ, ~θ) =

K∏
i=1

Li(µN
MC
i , ~θ) , (5.38)

where µ is the signal strength and ~θ represents a set of nuisance parameters. The

quantities NMC
i can be written as,

NMC
i = Ai(θ)σL , (5.39)

where σ is the sum of the cross sections of the processes implemented in the MC

simulation, L is the luminosity of the data sample and Ai is the signal acceptance

for the category i as a function of the nuisance parameters that affect the systematic

on the signal acceptance. Substituting Eq. 5.39 in Eq. 5.38 the likelihood takes the

form,

L(µ, ~θ) =

K∏
i=1

Li(Ai(θ)µσL, ~θ) = L(σobs, ~θ) , (5.40)

where we have defined σobs = µσ. Equation 5.40 makes explicit that fitting µ is the

same as fitting the total SM cross section σ.

The observed value of the product of the inclusive cross section σ(pp→H)

and branching ratio B(H→WW ) for a Higgs boson signal at mH = 125 GeV, is

(σ ·B)obs, 8 TeV = 6.0± 1.1 (stat.)± 0.8 (th. syst.)± 0.7 (exp. syst.)± 0.3 (lumi.) pb

= 6.0± 1.6 pb.
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The corresponding expected value is

(σ ·B) exp, 8 TeV = 4.8± 0.6 (cross section)± 0.2 (branching ratio) pb

= 4.8± 0.7 pb .

The expected value is slightly smaller than the observed value, but they are con-

sistent within the uncertainties.

The predicted value of σ ·B has been computed as the sum of the values re-

ported in Ref. [21] (updated in Ref. [146]) for the production modes (ggF, VBF, and

V H) used to evaluate the signal acceptance. The associated theoretical uncertainties

are added linearly following the prescription in Ref. [146].

A cross-check of the results has been done using the yields in the mT ranges

described in Section 5.7.5 in lieu of the distribution. Table 5.21 gives the correspond-

ing event yields and the uncertainties. The expected significance for the signal at

mH = 125 GeV is lower at 3.3σ (p0 = 4× 10−4). The corresponding observed signifi-

cance is 4.0σ (p0 = 3× 10−5).

The compatibility between the 7 TeV and 8 TeV results was tested using as

parameter of interest in the statistic test the ratio of the best-fit µ values for each

year, µ2012

µ2011
. The statistical test comparing the 7 TeV and 8 TeV results shows that

they are compatible within 1.8 σ.

5.13 Conclusions

The analysis of the H→WW (∗)→ `ν`ν process in the mass range of 115–200 GeV

is presented in this chapter using the complete data sample of 2012 and 2011. The

samples correspond to 20.7 fb−1 at
√
s= 8 TeV and 4.6 fb−1 at

√
s= 7 TeV collected

with the ATLAS detector at the LHC.

An excess of events over the expected background is observed formH . 150 GeV.

The signal significance at mH = 125 GeV is 3.8 standard deviations (p0 = 8× 10−5);

the best fit signal strength at that mass is µ= 1.01± 0.31. The observed VBF sig-

nal significance at mH = 125 GeV is 2.5 σ, with an observed strength parameter of

µ = 1.66± 0.79.

The measured value of the product of the cross section and theWW (∗) branch-

ing ratio for a Higgs boson signal, with mH = 125 GeV, at 8 TeV is 6.0± 1.6 pb while

the expected value is 4.8± 0.7 pb. The results are consistent with the predictions

for the SM Higgs boson decaying to a pair of W bosons.



Chapter 6

Missing Transverse

Momentum Optimisation

6.1 Introduction

After the H→WW (∗)→ `ν`ν analysis described in Chapter 5 several investigations

were focussed on optimising the selection of this search. The optimisation procedure

relies on the complete 8 TeV ATLAS data to improve the background estimates and

extend the phase space of the signal regions. The final H→WW (∗)→ `ν`ν results

considering the new optimised selection are presented in Chapter 7.

One of the most significant improvements comes from optimising the /ET crite-

ria and the related mT discriminant used in the likelihood fit. These studies exploit

the differences between the expected Higgs boson signal, with mH = 125 GeV, and

the remaining SM backgrounds after the complete H→WW (∗)→ `ν`ν selection.

There are several aspects that benefit the /ET optimisation comparing with previous

iterations. Mainly, the /ET optimisation gains in statistics and more reliable running

conditions. For the former, the enhance in statistics is originated by increasing the

Higgs signal acceptance by lowering lepton pT thresholds and including softer trig-

gered events. This allows to evaluate the /ET in each H→WW (∗)→ `ν`ν category

with high enough statistics. Earlier studies were performed at the beginning of the

event selection combining different final states in order to avoid statistical fluctua-

tions, specially during 2011. For the latter, having the complete 2012 dataset allows

to perform the investigations simulating the same running conditions as in collected

data. For optimisation studies collected data are not considered due to the blinded

199
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criteria, hence the procedure is only based on MC simulation. The MC mimics data

pile-up conditions through the pile-up reweighting technique [147]. The full 2012

pile-up environment is considered in the /ET optimisation for the first time. Pre-

viously, only initial data-taking periods were considered while more proton-proton

collisions were being produced at the same time.

In addition, the /ET optimisation mainly benefits from a new developed /ET

reconstruction. This new definition relies on the Emiss,track
T approach but includ-

ing calorimeter depositions to account for particles escaping from ID detection. As

extensively reported in Chapter 4, such particles are not entering in the original

Emiss,track
T computation, originating a deficient measurement and a poor reconstruc-

tion in some event topologies. However, the correction introduced by the new defi-

nition achieves the best resolution and stability against pile-up in events with jets.

Moreover, this provides the highest separation power between the Higgs boson signal

and the SM background when it is used to compute mT.

The aim of this chapter is to present the improvements on the /ET recon-

struction methods and the results obtained optimising the criteria used in the

H→WW (∗)→ `ν`ν search. The definition of the improved version of the Emiss,track
T

reconstruction is presented in Section 6.2. An overview on the improvements per-

formed in the calorimeter-based /ET definitions is given in Section 6.3. Section 6.4

presents the performance results obtained comparing all four different /ET recon-

struction methods, including the new improved definition. Optimisation studies in

each of the categories in which the H→WW (∗)→ `ν`ν analysis is divided are de-

scribed in Section 6.5. The results on the optimal /ET usage and threshold values

are presented, as well as the evaluation of other /ET -dependent variables. Finally,

the performance, resolution and optimisation of the mT variable is covered in Sec-

tion 6.6.

6.2 Track-based Missing Transverse Momentum

It has been well studied in Chapter 4 that the Emiss,track
T reconstruction is very

robust against pile-up interactions and provides the best resolution in events with-

out jets. In light of this, a lower bound on the Emiss,track
T,Rel quantity is used in the

H→WW (∗)→ `ν`ν analysis to further suppress Z+jets contribution in ee+µµ with

Njets ≤ 1 final states (see Section 5.6.3). However, the performance of the Emiss,track
T

degrades quickly with the number of jets in the final state. As a consequence, the
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Emiss,track
T reconstruction is not used in the H+2j analysis category nor in eµ+µe

final states. The main two reasons ruining the Emiss,track
T measurement are,

• the spatial coverage of the ID (|η| < 2.4) limits the information on forward

objects,

• the Emiss,track
T jet-term is mis-measured due to the presence of neutral particles

which scape to the ID detection.

In order to improve the performance of the Emiss,track
T reconstruction, a calori-

meter-based correction is applied for recovering lepton’ energies in the original

Emiss,track
T computation. This correction also allows to consider lepton radiation

energy losses, as they are properly measured by the calorimeters. The improve-

ments applied to the Emiss,track
T reconstruction are described in Section 6.2.1. The

natural extension of the above correction applied to well reconstructed jets results

in a new /ET measurement defined in Section 6.2.2.

6.2.1 Improvements on Emiss,track
T Reconstruction

The nominal Emiss,track
T relies on tracks measured by the ID and associated to the

PV, as defined in Section 4.2.3. In order to properly take into account lepton energy

losses, such as electron radiative losses from bremsstrahlung, it is necessary to correct

lepton components in the Emiss,track
T computation, as these are not measured by the

ID. The aim of this correction is to add leptons’ energy measured by the calorime-

ters, so it can replace the track pT if the track matches one of the selected lepton. In

general, the correction considers leptons defined by the H→WW (∗)→ `ν`ν strategy

described in Chapter 7 (analysis leptons). In addition, leptons satisfying the set of re-

quirements established by the Emiss
T reconstruction (see Tab. B.1) are also included.

The latter will be referred to as non-analysis leptons. Note that adding non-analysis

leptons can introduce pile-up dependence. Thus, it is crucial to require a specific

criterion to minimise the selection of non-analysis leptons originated from pile-up

vertices. This is achieved by applying an impact parameter condition (maximum

allowed distance of the lepton vertex with respect to the PV): |z0 sin θ| < 1.0 mm,

to non-analysis leptons as well (see Section 5.6.1).

Once the selected leptons are added to the Emiss,track
T calculation, the already

included tracks associated to them have to be excluded. In other words, the pT of

the tracks are replaced by the fully reconstructed energy of the associated leptons.

In light of this, the correction applied to the Emiss,track
T reconstruction benefits from

higher energetic resolution since the fully reconstructed energy from depositions in
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the calorimeters is used now instead of the measured pT by the ATLAS tracker

system. The track-lepton association is performed within a ∆R cone of 0.05.

Making the track association to the leptons that pass the quality criteria

described above, the next two situations have to be considered.

• It is possible to add leptons in the Emiss,track
T calculation which do not have

any associated tracks. Note that this can be expected if the tracks produced

by the lepton do not satisfy the Emiss,track
T selection. This effect has been

measured in simulated Z → ee events where ∼ 1% of the events are found

having one electron which is not matching to any selected track [148]. Thus, in

addition to a precise energy measurement from the calorimeters, this leptons’

correction provides a more accurate Emiss,track
T measurement. The presence

of these unmatched leptons motivates the extension of consistency with the

PV criterion to the non-analysis leptons as well in order to minimise pile-up

contributions.

• There are tracks which are not associated to any selected lepton after the track-

lepton matching is done. Besides the ATLAS tracker does an excellent job at

reconstructing tracks, there is a percentage of around 4× 10−3% of events in

Z → µµ simulated process having some tracks that are catastrophically mea-

sured with very high energies which are not associated to any selected lepton

in the event. These tracks will be referred in the following as mis-reconstructed

tracks. The mis-reconstructed tracks are studied using truth information from

simulation finding to be mostly low-pT pions and kaons [148]. They are found

to be very isolated, with a large relative error on their transverse momentum

(∆pT
pT

), and tend to be pointing opposite to the Emiss,track
T direction. These

characteristics allow to make a selection criteria in order to remove the mis-

reconstructed tracks from the Emiss,track
T computation.

Finally, the Emiss,track
T computation including lepton’s corrections can be ex-

pressed as follows,

Emiss,track
T = −

PV∑
i tracks

~pT
i +

∑
` leptons

(
~pT
`,trk − ~pT

`,calo

)
, (6.1)

where the subindex i runs over all tracks associated to the PV of the event, ~pT
`,trk

refers to all tracks (trk) associated to the lepton (`), and ~pT
`,calo is the fully recon-

structed pT of the lepton measured by the calorimeters. The first term in Eq. 6.1
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is the nominal Emiss,track
T definition given in Eq. 4.11 and the second term contains

the calorimeter correction for leptons.

6.2.2 Jet-Corrected Track-Based /ET Definition: Emiss,track,jetCorr
T

Until now, we have only considered two kinds of objects in the Emiss,track
T calculation:

tracks and leptons. In other words, we only apply corrections assuming events

without neutral particles in the final state. The extension of the Emiss,track
T to events

with jets, in which the latter are explicitly corrected in the calculation, brings us

to the new jet-corrected and track-based reconstruction which will be referred in

the following as Emiss,track,jetCorr
T . The aim of the explicit jet implementation in the

Emiss,track,jetCorr
T shares the same purpose as for the leptons case, i.e, including fully

jet reconstructed energy in the Emiss,track
T computation. In addition, neutral particles

which are not measured in the tracker system but they deposit their energy in the

detector are also included. To use the full energy of the jets, the sum of momenta

of the tracks in jets are replaced by their calorimeter energy in a similar way as the

correction is applied for the leptons’ case.

The jets used in the correction are analysis jets. They have pT > 25(30) GeV

for |η| < (>)2.4, and they are required to have |JV F | > 0.5 for pT < 50 GeV.

Tracks are considered to be associated with a jet if they are within a ∆R cone of

0.4 of the jet. The Emiss,track,jetCorr
T is defined by the following expression,

Emiss,track,jetCorr
T = −

∑
i trks

~pT
i+

∑
` leptons

(
~pT
`,trk− ~pT

`,calo

)
+
∑
j jets

(
~pT
j,trk− ~pT

j,calo

)
,

(6.2)

where the first two terms are defined as in Eq. 6.1. Thus, in events without jets,

Emiss,track
T and Emiss,track,jetCorr

T are identical. ~pT
j,trk refers to all tracks associated

to the jet (j) and ~pT
j,calo is the jet area corrected transverse momentum of the jet.

Lastly, an overlap removal criterion between leptons and jets is applied and

the case of mis-reconstructed tracks is extended to the Emiss,track,jetCorr
T as well.

Additional track replacement is applied for unmatched high pT tracks considering

a softer jet selection. The replacement of mis-reconstructed tracks matching low

pT jets by the energy of the latter provides an extra improvement on the resolu-

tion of 20%. For illustration, Fig. 6.1 presents the Emiss,track
T and Emiss,track,jetCorr

T

distributions in Z → `` events with 1 jet in the final state for 2012 data and MC.

Comparing both plots, it is clear how the correction of the jet achieves a significative

reduction of the tail shown by the Emiss,track
T spectrum. Moreover, a much better
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data/MC agreement is observed for in the high /ET region (> 60 GeV). Similar im-

provements are also observed for the directional /ET components in events with at

least 2 jets in the Z → `` events. These are shown in Fig. 6.2. Narrower width

shapes are achieved after applying the correction on the jets. Comparisons with the

calorimeter-based /ET reconstruction methods are collected in Appendix D.
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Figure 6.1: Emiss,track
T and Emiss,track,jetCorr

T distributions in the Z → `` en-
riched region with exactly one jet with 8 TeV ATLAS data and simulation on the

left right, respectively. ee+µµ final states are combined.
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Figure 6.2: x-component of the Emiss,track
T (left) and Emiss,track,jetCorr

T (right)
reconstruction methods in the Z → `` enriched region with at least two jets with

8 TeV ATLAS data and simulation. ee+µµ final states are combined.
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The two track-based /ET definitions discussed above are not so track-based

as they used to be. Instead, both of them incorporate measurements of the energy

deposited by leptons in the calorimeters. However, the base of its construction

relies on the selected tracks coming from the PV which still allows to reduce pile-up

contributions very efficiently.

6.3 Improvements on Emiss
T and Emiss,STVF

T

The calorimeter-based /ET variables are defined in Section 4.2.1 and 4.2.2. The

aim of this section is to summarise the main improvement developed for them.

The improvement affects to both calorimeter-based /ET definitions, i.e., Emiss
T and

Emiss, STVF
T .

The correction treats the energy loss of muons which in some cases could be

entering twice in the calorimeter-based /ET computations. When a muon deposits

sufficient energy to form a topocluster, the topocluster is included either in a jet

or in the CellOut term (soft term). However, the energy of the topocluster is also

included into the pT of the muon. In order to correct the double-counting, the

measured energy loss is subtracted from the muon momentum when a set of specific

identification criteria are satisfied. The effect of the correction has been studied

using Higgs boson, with mH = 125 GeV, decaying into a pair of W boson simulated

samples. The results show that the reconstructed /ET after the correction is closer

to the truth /ET and moreover, a better resolution is observed [148]. In light of

the results, the correction on the muon energy loss has been considered for the /ET

optimisation in the H→WW (∗)→ `ν`ν analysis.

6.4 Performance of the /ET Reconstruction

It is very important to check the performance of the improved /ET reconstruction

methods after all modifications adopted for each of them have been implemented. In

addition, the new H→WW (∗)→ `ν`ν analysis object selection and trigger require-

ments have changed, as described in Chapter 7. These modifications have a direct

impact in the /ET performance, since the reconstructions depend on the analysis

object selection criteria. In this section, a summary of comparative results using

all four /ET reconstruction methods are presented. These studies are indicative and

they prove the superior performance of the Emiss,track,jetCorr
T reconstruction over the

other /ET measurements.
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Data and simulation comparisons using the complete ATLAS 2012 dataset,

with a total integrated luminosity of 20.3 fb−1, for each of the /ET reconstruction

methods are collected in Appendix D.The first set of results are evaluated using the

Z → `` selection, as this is defined in Section 4.3. The second collection contain

comparisons in WW , tt̄ and Z → ττ enriched regions, which are defined in Sec-

tions 5.9.7, 5.9.6, and 5.9.5, respectively. The results are separated in different jet

multiplicities and lepton flavours in the final state. Overall, there is good agreement

between data and MC in all distributions. Besides some /ET reconstruction meth-

ods present mis-modelling in Z → `` events, a satisfactory data/MC agreement is

obtained for the Emiss,track,jetCorr
T reconstruction.

The /ET performance in events with genuine measurement is evaluated using

the H→WW (∗)→ `ν`ν simulated process, with mH = 125 GeV. The ggF and VBF

production mechanisms of the Higgs boson are evaluated separately by dividing the

events by the number of jets in the final state. Figure 6.3 contains the relative differ-

ence on the directional /ET components with respect to the expected measurement

for all four /ET reconstruction methods. The Emiss,track
T and Emiss,track,jetCorr

T are

identical in events without jets and their distributions overlap. In processes with

jets, the large improvement in resolution and correction of the bias when considering

the jet correction in the Emiss,track
T reconstruction is observed. The mean and RMS

values from the x-component results shown in Fig. 6.3 are collected in Tab. 6.1. In

addition, the number of events in the tails of each /ET distribution is quoted as well.

H→WW (∗)→ `ν`ν
0-jet (ggF) 1-jet (ggF) 2-jet (VBF)

Mean RMS
Integral

Mean RMS
Integral

Mean RMS
Integral

of tail of tail of tail

Emiss
T 0.011 1.4 39 0.05 1.5 28 0.03 1.5 14

Emiss, STVF
T

-0.025 1.3 34 0.021 1.5 27 0.07 1.5 15

Emiss,track
T

-0.022 1.2 28 0.13 1.8 40 0.41 2.0 26

Emiss,track,jetCorr
T

-0.022 1.2 28 0.020 1.4 23 0.05 1.4 13

Table 6.1: Summary on the performance resolution of the different /ET recon-
struction methods for a H→WW (∗)→ `ν`ν Higgs boson signal. The mean, RMS
and integral of the tail values from the relative difference with respect to the
truth value of Higgs boson signal simulated samples, with mH = 125 GeV, in 0,
1, and ≥ 2 jet multiplicities are given in each column. Mean and RMS values are

given in GeV.

The tail contribution is defined as the integral of events with | /ET − Emiss,True
T | >

80 GeV. In events without jets, the integral of the tail is lowest for the track-based

/ET reconstruction methods, as we expected from results in Chapter 4. In events with
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Figure 6.3: Relative difference on the x- and y-components of the four /ET re-
construction methods with respect to the generated values by the MC simulation
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jets, the changes introduced in the Emiss,track,jetCorr
T highly improve the performance

compared with the Emiss,track
T results. Figure 6.4 shows the mean and RMS from

the relative difference distributions in Fig. 6.3 as a function of < µ >.
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Figure 6.4: Resolution as a function of < µ > for each of the /ET reconstruction
methods divided in the H→WW (∗)→ `ν`ν categories for the expected Higgs bo-
son signal with mH = 125 GeV compared with the generated value by simulation.
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T and Emiss,track,jetCorr
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jets.
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Figure 6.5: /ET distributions in the Z → `` enriched regions with different
number of jets in the final state in 8 TeV ATLAS data and MC simulation. The
left side is Z → ee and the right side is Z → µµ. The values in the legend show
the mean and RMS for each /ET reconstruction and for easier comparison they
are also shown in Tab. 6.2 for the 1 jet case. Emiss,track

T and Emiss,track,jetCorr
T are

identical in events without jets.
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The performance improvements over the full 8 TeV datasets are also studied in

events without genuine /ET measurement. The /ET distributions obtained in Z → ``

events with different jet multiplicities are shown in Fig. 6.5. For easier comparison,

the mean and RMS values for all four /ET measurements in the Z → µµ + 1 j

simulated process are collected in Tab. 6.2. The Emiss,track,jetCorr
T has the lowest

values in this process without expected /ET measurement, even with presence of jet

activity.
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Figure 6.6: The mean (left) and RMS (right) values for each of the /ET varieties
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Mean RMS Integral of tail

Emiss
T 23 13.1 1543

Emiss, STVF
T 20 13.2 2437

Emiss,track
T 25 19.0 20274

Emiss,track,jetCorr
T 18 12.3 1163

Table 6.2: Summary on the performance resolution of the different /ET recon-
struction methods for the H→WW (∗)→ `ν`ν Higgs boson signal. The mean,
RMS and integral of the tail values from the relative difference with respect to
the generated value from the simulation. Mean and RMS values are given in

GeV.

Figure 6.6 shows the dependence of the mean and the resolution for each of

the /ET varieties from Fig. 6.5 with respect to the mean number of interactions per

bunch-crossing. The Emiss,track,jetCorr
T is very stable with respect to pile-up, showing

the lower trends than in calorimeter-based /ET reconstruction methods while still

maintaining the smallest mean and RMS values for the high < µ > range. All

results presented up to here confirm that the Emiss,track,jetCorr
T has the best resolution

and the smallest tail in different event topologies for processes with expected /ET

measurement, as well as in Z → `` events. The Emiss,track,jetCorr
T reconstruction

recovers the RMS value to the level of the calorimeter-based measurements, provides

the lowest contribution of the tails, and corrects the positive bias introduced in

the mean by mis-measured jets in the Emiss,track
T computation. The superior pile-

up robustness of the Emiss,track,jetCorr
T and its lower mean and resolution in all jet

multiplicities motivates the H→WW (∗)→ `ν`ν analysis to evaluate the Higgs boson

signal significance switching to the Emiss,track,jetCorr
T reconstruction in the selection

strategy.

6.5 /ET Optimisation in H→WW (∗)→ `ν`ν Search

From the performance studies presented above, the four different /ET definitions,

• calorimeter-based /ET : Emiss
T ;

• calorimeter-based /ET with pile-up suppression: Emiss, STVF
T ;

• track-based /ET : Emiss,track
T ;

• track-based /ET with the correction for jets: Emiss,track,jetCorr
T ;
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and their corresponding projected /ET,Rel quantities (see Section 4.2.4.2) are evalua-

ted in order to increase the Higgs boson signal significance with mH = 125 GeV in

the H→WW (∗)→ `ν`ν analysis. This section focuses on the /ET optimisation results

obtained in each H→WW (∗)→ `ν`ν category. The optimisation procedure uses the

full statistical fit to extract the expected significance of signal in different scenarios,

in which different /ET reconstruction methods and several lower bound values are

studied. In general, and unless stated otherwise, eµ+µe and ee+µµ final states are

treated separately. To consider each H→WW (∗)→ `ν`ν signal region, the results

are also divided by the number of jets: H+0j, H+1j and H+2j. In total, the

/ET optimisation is developed for six categories. Furthermore, when optimising the

criteria on the /ET measurement, all other analysis selections are applied following

Chapter 5; with the exception of the inclusion of low-pT leptons (pT > 22, 10 GeV)

and dilepton triggered events, as described in Chapter 7.

6.5.1 Different Flavour Channels: eµ+µe

In the eµ+µe category, the main remaining SM processes after the full selection

present neutrinos in their final states, thus they produce genuine /ET measurement

as well as the Higgs boson signal does when decays into two W bosons. In light of

this, it is expected to achieve poor background rejection power using a lower bound

requirement on the /ET measurement.

6.5.1.1 H+0j Analysis

Figure 6.7 presents the evolution on the background composition of the /ET distribu-

tion at different stages of the event selection for eµ+µe candidates in the H+0j cat-

egory. Note that these distributions are obtained without any /ET requirement and

the data samples are not included in order not to bias the results. These plots show

how the specific analysis requirements applied to select the final candidates sculpt

the shape of the /ET distribution. The background composition is specially changed

after p``T and ∆φ`` requirements because of the high rejection of the Z/DY → ττ

background. These dilepton system variables are very correlated with the /ET as

shown in Fig. 6.8. Hence, it is expected that they change the background composi-

tion and, for extension, the shape of the /ET for eµ+µe final candidates.

Due to the requirements applied in the H+0j analysis with eµ+µe final can-

didates, the background rejection power than can be achieved using a /ET threshold

is limited by the poor population of the low /ET region. Fig. 6.7 illustrates this be-

haviour using the Emiss,track,jetCorr
T reconstruction but same effect is observed for the



Chapter 6. Missing Transverse Momentum Optimisation 213

other /ET definitions. Appendix E collects the shape from MC simulation through

the analysis selection stages for all four /ET reconstruction methods.
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Figure 6.7: Evolution of Emiss,track,jetCorr
T distribution through the

H→WW (∗)→ `ν`ν analysis selection of eµ+µe final states in the H+0j category.
The plots follow the selection in Section 5.7.2: jet veto (top left), p``T > 30GeV

(top right), m`` < 55 GeV (bottom left) and ∆φ`` < 1.8 (bottom right).
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Table 6.3: Event yields from MC simulation for different /ET scenarios for eµ+µe
final candidates in the H+0j category. The Higgs signal is considered for a mass
of mH = 125 GeV (first column) and the different background contributions are
summed up in the second column. The last column represents the significance
computed as in Eq. 6.3. Bottom table shows the total background separated by

processes. The errors are only statistical.

Signal [125 GeV] Total Bkg. S/
√
B

No Emiss
T Cut 195.8 ± 1.6 2095 ± 13 4.28 ± 0.04

Emiss
T,Rel > 25 GeV 175.1 ± 1.5 1860 ± 10 4.06 ± 0.04

WW V V tt̄ Single Top Z+jets W+jets Multi-jets

No Emiss
T Cut

1247.76 341.28 120.77 69.68 26.20 284.57 4.79
± 5.14 ± 6.37 ± 1.30 ± 0.71 ± 8.75 ± 4.73 ± 0.29

Emiss
T,Rel > 25 GeV

1153.73 278.66 109.08 64.38 9.03 243.11 2.06
± 4.95 ± 5.77 ± 1.23 ± 0.68 ± 4.52 ± 4.23 ± 0.24

Table 6.3 shows the event yields for eµ+µe final candidates in the H+0j

analysis. This compares the /ET selection used in Chapter 5 (Emiss
T,Rel > 25 GeV )

with the scenario without /ET requirement. From the quoted event yields it is clear

that the total background rejection using Emiss
T,Rel > 25 GeV is of the level of the

discarded Higgs boson signal with mH = 125 GeV: ∼11%. In light of this, there is

a reduction of 5% in the signal significance computed by the figure of merit,

S√
B
, (6.3)

where S and B are the MC event yields for the Higgs boson and the total SM

backgrounds respectively.

The shape differences between /ET and its relative quantity have been studied

as well. Figure 6.9 compares the Emiss,track,jetCorr
T and Emiss,track,jetCorr

T,Rel distributions

for the Higgs signal shape and the total background for eµ+µe final candidates in the

H+0j analysis. The differences in shapes between /ET and /ET,Rel are small, since

the projected quantity only populates ∼ 3−4% more the low region of the spectrum.

Moreover, it is found that for the same required threshold, up to 40 GeV, the Higgs

signal acceptance is about 0.5% lower than the achieved background rejection when

the /ET,Rel is used instead of the non-projected variable.

Furthermore, the Emiss,track,jetCorr
T presents the lowest Higgs signal contribu-

tion in the low /ET range. The results are presented in Fig. 6.10 which shows the

comparison of all the /ET reconstruction methods using the simulated Higgs boson

signal sample. Hence, applying the lower bound requirement on the Emiss,track,jetCorr
T

will enhance the signal efficiency in the H+0j category.
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Figure 6.10: /ET shape comparison for the Higgs signal sample at mH =
125 GeV from simulation. The events require leptons with different flavour and
they satisfy the full H+0j selection. The Emiss,track,jetCorr

T has the lowest signal
contribution in the low range: /ET < 35 GeV.

In order to find out which /ET reconstruction and threshold is optimal, the

result from each /ET definition is obtained through the final statistical likelihood fit,

which ensures to include all effects in both, signal and control regions. The fit is done

using the mT based on Emiss,track,jetCorr
T as it improves the expected significance by

8% compared to result obtained with mT based on Emiss
T as discussed in Section 6.6.
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Table 6.4: Expected Higgs boson, with mH = 125 GeV, signal significances in
H→WW (∗)→ `ν`ν analysis evaluating different /ET reconstruction methods and
lower bound values in steps of 5 GeV for eµ + µe final candidates in the H+0j
category. The first row indicates the scenario without any /ET selection applied.

Nominal /ET Projected /ET,Rel
Bound

Emiss
T Emiss,track,jetCorr

T
Emiss

T,Rel Emiss,track,jetCorr
T,Rel(GeV)

0 3.238
5 3.239 3.240 3.243 3.238
10 3.254 3.243 3.249 3.241
15 3.248 3.248 3.235 3.240
20 3.243 3.252 3.229 3.236
25 3.213 3.249 3.197 3.239

The scan is performed in steps of 5 GeV for the different /ET definitions and its

correspondent relative quantities. A summary of the fit results is given in Tab. 6.4,

where the requirements on Emiss
T and Emiss,track,jetCorr

T are quoted. There is only

about 2% difference in the expected significance between the different /ET scenarios.

This is consistent with the low background rejection that can be achieved given the

low population in the low /ET region and with Table 6.3, where the gain without

/ET requirement is discussed. Moreover, the requirement on /ET,Rel quantities pro-

duces lower significance than using their non-projected /ET partners. This is also in

agreement with above discussion based on Fig. 6.9.

In light of the results, the requirement on Emiss,track,jetCorr
T > 20 GeV is chosen

as the final cut for the eµ+µe events in the H+0j analysis, when considering the

following facts,

• it has better performance compared with respect to the other /ET quantities.

Emiss,track,jetCorr
T has the best resolution and robustness against pile-up;

• it has the highest signal acceptance with respect to other /ET varieties nor their

projected /ET,Rel quantities;

• the 20 GeV threshold is nearly the highest significance and improves it by 1.7%

with respect to the previous requirement used up to now: Emiss
T,Rel > 25 GeV;

• consistency in the definition of the /ET requirement and the mT used in the

fit;

• consistency with respect to eµ+µe final candidates in the H+1j analysis (see

Section 6.5.1.2).
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Table 6.5: Event yields from MC simulation for different /ET scenarios with
eµ+µe final candidates in theH+0j category. The Higgs signal is considered for a
mass of mH = 125 GeV (first column) and the different background contributions
are summed up in the second column. The last column represents the significance
computed as in Eq. 6.3. Bottom table shows the total background separated
by processes. The thresholds are given in units of GeV. The errors are only

statistical.

Signal [125 GeV] Total Bkg. S/
√
B

Emiss
T,Rel > 25 175.1 ± 1.5 1860 ± 10 4.06 ± 0.04

Emiss,track,jetCorr
T > 20 195.1 ± 1.6 2077 ± 13 4.28 ± 0.04

WW V V tt̄ Single Top Z+jets W+jets Multi-jets

Emiss
T,Rel > 25

1153.73 278.66 109.08 64.38 9.03 243.11 2.06
± 4.95 ± 5.77 ± 1.23 ± 0.68 ± 4.52 ± 4.23 ± 0.24

Emiss,track,jetCorr
T > 20

1245.57 338.85 119.42 69.25 22.83 277.14 3.75
± 5.14 ± 6.36 ± 1.29 ± 0.71 ± 8.69 ± 4.63 ± 0.27

Table 6.5 shows the event yields at the end of the event selection for eµ+µe

final candidate events in the H+0j category. It compares the reference requirement

Emiss
T,Rel > 25 GeV from Chapter 5 with the optimised threshold: Emiss,track,jetCorr

T >

20 GeV. There is a gain in the Higgs boson signal acceptance of about 11% using the

new threshold. The total background yield with the new choice increases similarly.

The highest background difference is observed in the Z+jets, which increase its rate

by a factor ∼ 3. However, the Z/DY is maintained at a manageable level since its

contribution only represents about 1% of the total background contamination.

6.5.1.2 H+1j Analysis

This section evaluates the /ET requirement for eµ+µe final candidates in the H+1j

analysis, similarly to the studies performed for H+0j in Section 6.5.1.1. The shape

of the final candidates for the total background and signal is compared for each of the

/ET varieties and their corresponding /ET,Rel quantity. Note that in this category,

the projection is performed onto the nearest lepton or jet. After the full H+1j

selection criteria, the /ET spectrum is sculpted because of the correlation between

the /ET magnitude and dilepton topological requirements applied to this search, as

well as it occurs in the H+0j analysis.

Table 6.6 compares the event yields for two /ET scenarios. As before, the

reference /ET threshold from Chapter 5 (Emiss
T,Rel > 25 GeV) is compared against the

case without Emiss
T requirement.
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Table 6.6: Expected event yields from MC simulation for different /ET scenarios
with eµ+ µe final candidates in the H+1j category. The Higgs signal is consid-
ered for a mass of mH = 125 GeV (first column) and the different background
contributions are summed up in the second column. The last column represents
the significance computed as in Eq. 6.3. Bottom table shows the total back-
ground separated by processes. The thresholds are given in units of GeV. The

errors are only statistical.

Signal [125 GeV] Total Bkg. S/
√
B

No /ET cut 108.08 ± 0.55 1717.8 ± 10.6 2.60 ± 0.04
Emiss

T,Rel > 25 GeV 68.01 ± 0.45 865.24 ± 5.67 2.31 ± 0.04

WW V V tt̄ Single Top Z+jets W+jets Multi-jets

No /ET cut
464.17 204.62 293.32 109.81 239.95 162.50 155.25
± 2.91 ± 4.67 ± 2.00 ± 1.04 ± 5.91 ± 6.74 ± 1.57

Emiss
T,Rel > 25

343.25 98.53 222.11 84.12 24.84 69.21 14.20
± 2.50 ± 3.23 ± 1.74 ± 0.93 ± 1.85 ± 2.91 ± 0.52

The expected Higgs boson signal yield increases by ∼ 40% when the /ET

requirement is dropped in this category. The total background is also enhanced by

a factor 2, being the most increased processes W+jets, Z/DY, V V and multi-jets.

These two facts result on the observed differences in the signal significance values.

The scenario without Emiss
T selection is not possible due to the need to reject the

total background yield. Nevertheless, the improvement shown in Tab. 6.6 is related

with the gain of the Higgs boson signal acceptance in the H+1j analysis.

Compared to the H+0j case, the W+jets background represents one of the

main background sources in the H+1j analysis. The main reason for the increase of

the total background comparing with the results in Chapter 5 is the softer trigger

requirements and the lower pT thresholds applied to select the lepton candidates,

specially in the W+jets process. The shape of the W+jets background is very

signal-like in the mT distribution which is used in the fit. Moreover, the systematic

errors associated to this background are one of the highest. For these reasons, the

optimisation studies are focus on the reduction specially of this background as well

as keeping as much signal as possible.

The /ET distributions for H+1j eµ+µe final candidates extracted from sim-

ulation are presented in Fig. 6.11. As it can be observed, in the Emiss,track,jetCorr
T

distribution the backgrounds tend to be placed in the lower region of the spectrum

compared with the other /ET quantities. Hence, this variable would be able to reject

more background than the rest of quantities. For easier illustration, the shape of

the total background for each of the /ET varieties are compared in Fig. 6.12.
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Figure 6.11: /ET distributions from simulation after all event selection applied
for eµ+µe final candidates in the H+1j category. The different /ET varieties are
Emiss

T in the top left, Emiss,track,jetCorr
T in the top right, Emiss, STVF

T in the bottom
left, and Emiss,track

T in the bottom right.
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Besides a requirement on the /ET,Rel quantity rejects more background events

than using /ET , it also reduces the Higgs signal yield in the same level. Thus, a

lower bound requirement on /ET will preserve more signal events than using its

projected quantity, as concluded from the studies on the H+0j analysis discussed

in Section 6.5.1.1. Figure 6.13 shows the differences between Emiss,track,jetCorr
T and

Emiss,track,jetCorr
T,Rel shapes for signal and background for the final candidates in the

H+1j analysis. About a 20% of the signal is included at the final candidates switch-

ing from the projected /ET,Rel quantity to the nominal /ET definition. In addition,

the rejection power for background is softened at the level of the acceptance of the

signal. In light of this, the improvement on the signal significance for this case is

expected to be around 10%, as quoted in Tab. 6.6.
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Figure 6.13: Emiss,track,jetCorr
T and Emiss,track,jetCorr

T,Rel distributions for the expected
Higgs signal with mH = 125 GeV on the left and for all background on the right
in eµ + µe final candidates for the H+1j category. Bottom distributions show

the relative difference of events per bin between /ET and Emiss
T,Rel rejection.

The same optimisation procedure described for the H+0j analysis is per-

formed for the H+1j case. The results summarised in Tab. 6.7 show the preference

for lower cuts using the non-projected /ET values. These results are consistent with

the expectation using the shape and event yields comparisons for different /ET sce-

narios. From the expected signal significance numbers, the lower bound threshold

achieving the highest value is Emiss,track,jetCorr
T > 10 GeV. Besides this requirement

enhances the Higgs signal yield by 55%, the rate on the W+ jets and multi-jet pro-

cesses increase by a factor 3.
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Table 6.7: Expected Higgs boson, with mH = 125 GeV, signal significances in
H→WW (∗)→ `ν`ν analysis evaluating different /ET reconstruction methods and
lower bound values in steps of 5 GeV for eµ + µe final candidates in the H+1j
category. The first row indicates the scenario without any lower bound on /ET

applied.

Nominal /ET Projected /ET,Rel
Bound

Emiss
T Emiss,track,jetCorr

T
Emiss

T,Rel Emiss,track,jetCorr
T,Rel(GeV)

0 3.238
5 2.765 2.765 2.765 2.765
10 2.753 2.730 2.767 2.770
15 2.737 2.633 2.788 2.642
20 2.755 2.502 2.751 2.525
25 2.650 2.394 2.633 2.367
30 2.567 2.298 2.458 2.191

Aiming to reduce this background source, a new variable is introduced in the

H+1j analysis: the maximum of the transverse mass of the /ET and one of the lepton

candidates: maxmT (W ). It is defined in Eq. 6.4.

maxmT (W ) =

√
(p`iT + /ET )2 − |~p`iT + ~/ET |2 where `i = 1, 2 , (6.4)

where the p`iT is the lepton candidate transverse momentum and /ET is the neutrino

transverse momentum of one of the W bosons. The Emiss,track,jetCorr
T quantity is

used to compute the maxmT (W ) measurement because its higher performance and

stability against high pile-up environment. The maxmT (W ) quantity has a high

separation power between Higgs boson signal, with mH = 125 GeV, and processes

like Z/DY and multi-jets as shown in Fig. 6.14.

The scan over different /ET thresholds is performed again with the introduction

of the maxmT (W ) > 50 GeV requirement. The results show that the optimal

threshold for the Emiss,track,jetCorr
T quantity is still 10 GeV but the difference with

20 GeV is below 1%. In addition, the introduction of the maxmT (W ) benefits the

Z/DY → ττ + 1jet phase space, since it allows to increase the purity of this control

region. The influence of the optimised /ET selection in different control regions

is discussed in Section 6.5.2. In light of the results, a combined requirement on

Emiss,track,jetCorr
T > 20 GeV and maxmT (W ) > 50 GeV is selected for eµ+µe final

candidates in the H+1j category.
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Figure 6.14: maxmT (W ) distribution from MC simulation for eµ+µe final
candidates in the H+1j category. The distribution shows the high separation
power in the low range of the spectrum between several background processes
(Z/DY, W+jets and multi-jets) and the Higgs boson signal with mH = 125 GeV.

Table 6.8: Expected event yields from MC simulation for different /ET scenarios
with eµ + µe final candidates in the H+1j category. The Higgs signal is for
mH = 125 GeV (first column) and the different background contributions are
summed up in the second column. The last column represents the significance
from Eq. 6.3. Bottom table shows the total background separated by processes.

The thresholds are given in units of GeV. The errors are only statistical.

Signal [125 GeV] Total Bkg. S/
√
B

Emiss
T,Rel > 25 68.01 ± 0.45 865.24 ± 5.67 2.31 ± 0.04

Emiss,track,jetCorr
T > 20

87.18 ± 0.48 997.87 ± 6.10 2.76 ± 0.04
+ maxmT(W ) > 50

WW V V tt̄ Single Top Z+jets W+jets Multi-jets

Emiss
T,Rel > 25

343.25 98.53 222.11 84.12 24.84 69.21 14.20
± 2.50 ± 3.23 ± 1.74 ± 0.93 ± 1.85 ± 2.91 ± 0.52

Emiss,track,jetCorr
T > 20 399.52 123.01 254.12 96.59 26.19 88.11 6.06

+ maxmT(W ) > 50 ± 2.70 ± 3.62 ± 1.86 ± 0.96 ± 2.06 ± 2.89 ± 0.39

Table 6.8 compares the expected event yields from MC for eµ+µe final candi-

dates in the H+1j category for the reference and new /ET scenarios. The new selec-

tion achieves an improvement in the signal acceptance of ∼30% while still keeping

all the background processes at the same order of magnitude; except for multi-jets

process which is reduced by half due to the introduced maxmT (W ) requirement.
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6.5.1.3 H+2j Analysis

In the H+2j analysis at the end of the event selection, the event yields are very poor

in statistics. In order to obtain reliable optimisation results, some of the thresholds

are softened with respect to the reference selection described in Section 5.7.4. The

following optimisation studies use a lower bound on the mjj > 250 GeV and a softer

|∆yjj | < 2 requirement. The comparison of the event yields from simulation are

presented in Tab. 6.9 for two different Emiss
T choices: Emiss

T > 20 GeV and no /ET

requirement. The former is taken as reference from Chapter 5. From the quoted

numbers, it can be observed that about 11% of the Higgs boson signal in the VBF

production mode is concentrated in the Emiss
T < 20 GeV region, while for the total

SM background the achieved rejection using this cut is ∼ 7%. The third and fourth

columns of the table quote the signal significance defined in Eq. 6.5 and Eq. 6.6,

respectively.

Poisson sig =

√
2

(
(S + B) ln

(
1 +

S

B

)
− S

)
, (6.5)

Syst sig =
S√

B + σ2
, (6.6)

where S and B are the expected event yields for the Higgs boson signal and the

total background contamination, respectively. σ refers to the estimated systematic

uncertainty for each background source.1 The significance signal values show an

improvement of ∼ 10% when no /ET requirement is applied.

Table 6.9: Expected event yields from MC simulation for different /ET scenarios
with eµ+µe final candidates in the H+2j category. The Higgs boson, with
mH = 125 GeV, signal yield in the first column corresponds to the VBF and VH
production mechanisms. The remaining background contributions and the ggF
signal events are summed up in the second column. Last three columns quote
the expected significance defined in Eq. 6.5, Eq. 6.6 and Eq. 6.3. The errors are

only statistical.

vbf+vh Total Bkg.
Poisson signif Syst signif S/B

[125 GeV] (+ggf)

No Emiss
T Cut 4.84 ± 0.09 13.72 ± 1.11 1.24 ± 0.10 0.83 ± 0.02 0.35 ± 0.03

Emiss
T > 20 GeV 4.37 ± 0.09 12.82 ± 1.08 1.16 ± 0.10 0.78 ± 0.02 0.34 ± 0.03

1 The systematic uncertainties on the background yields for this purpose are extracted from the
H→WW (∗)→ `ν`ν analysis described in Chapter 5.
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In Appendix E, Fig. E.6 shows the expected /ET distributions for VBF Higgs

boson signal and SM backgrounds considering eµ+µe final candidates in the H+2j

analysis. Besides the poor statistics at the end of the event selection, the shape

comparison still provides information about the /ET role in the analysis. All /ET

reconstruction methods perform similarly, except the Emiss,track
T which clearly mis-

measures the energy of the jets, as extensively reported in Chapter 4. The common

feature is that the VBF signal contribution is relatively higher than the total back-

ground in the low region of the distributions. In light of this, any lower bound on

/ET will reject more signal than background candidates. This is consistent with the

improvement on the expected signal significance observed in Tab. 6.9 when the /ET

requirement is dropped.
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Figure 6.15: Figure of merit using systematic errors (see Eq. 6.6) for different
/ET reconstruction methods as a function of lower bound values for the eµ+µe in
H+2j final state. The circles represent the non-projected /ET quantities and the
triangles show the relative /ET . The pink line is the corresponding significance

for the no /ET threshold scenario.

Figure 6.15 presents the systematic significance values obtained with different

/ET and /ET,Rel thresholds in steps of 5 GeV. The VBF signal significance decreases

as the lower bound on /ET increases. For all scanned thresholds, the cut on the nom-

inal /ET reconstruction provides higher significance than using the projected /ET,Rel

quantity, as expected. The scenario without /ET threshold provides the highest ex-

pected Higgs boson signal significance in the VBF search. As it happens for eµ+µe

final candidates when the ggF production mode is considered, all SM backgrounds

at the end of the H+2j event selection have genuine /ET measurement. Thus, a lower
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bound on this quantity achieves very poor background rejection. In addition, the

VBF Higgs boson signal contribution in the low /ET region is relatively higher than

for background processes because the jets that characterise the VBF production

mechanism balance the /ET of the event.

In order to validate the /ET optimisation results, Tab. 6.10 collects the ex-

pected VBF Higgs boson signal significance results obtained through the statistical

likelihood fit. The results from the quoted numbers are consistent with the conclu-

sions extracted above. In light of this, the optimised selection does not apply any

/ET lower bound requirement for eµ+µe final candidates in the H+2j analysis, as

this provides the highest expected Higgs signal significance with mH = 125 GeV in

the H→WW (∗)→ `ν`ν VBF search.

Table 6.10: Expected Higgs boson produced via VBF signal significance using
different /ET scenarios for eµ+µe final candidates in the H+2j category.

Threshold (GeV) Emiss
T Emiss,track,jetCorr

T

0 1.368
5 1.368 1.364
10 1.350 1.353
15 1.351 1.336
20 1.324 1.302

6.5.2 New /ET Selection: Changes in Control Regions

The optimisation results presented above point to lower /ET thresholds in the eµ+µe

final candidates. Besides this increases the Higgs boson signal acceptance and main-

tains the background contribution similar to the reference level from Chapter 5, other

aspects of the analysis have to be considered. Softening the /ET requirement may af-

fect the background composition of the different control regions. These regions serve

to validate the optimised selection and provide information about the quality of the

simulated processes through the statistical likelihood fit. In light of this, further

investigations are developed in order to quantify the impact of the optimised /ET

thresholds in these control samples. This section presents the effects on background

composition and the adopted changes for recovering the purity of the main control

regions defined in the H→WW (∗)→ `ν`ν analysis.
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6.5.2.1 WW + 0j Control Region

Figure 6.16 shows the Emiss
T,Rel distribution for the WW CR in eµ+µe final states

without jets using the optimal Emiss,track,jetCorr
T > 20 GeV threshold. This well

explains the effect of the new /ET selection. More Z+jets events survived due to

the lower /ET requirement. The composition of the SM process in the WW CR is

compared for the reference and the optimal /ET selection in Tab. 6.11.
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Figure 6.16: Emiss
T,Rel distribution from MC simulation in the WW CR for eµ+µe

final states without jets. This shows the increase of Z+jets background in the low
Emiss

T,Rel region when the optimal Emiss,track,jetCorr
T > 20 GeV threshold is applied.

Table 6.11: Expected event yields from MC simulation for WW CR using
different /ET scenarios with eµ + µe final states without jets. WW events are
quoted in the first column while other SM processes are considered as background
in the second column. The third column provides the WW purity in each phase
space. Bottom table shows the total background separated by processes. The
Higgs signal is considered for a mass of mH = 125 GeV. The thresholds are given

in units of GeV. The errors are only statistical.

WW Total Bkg. Purity
Emiss

T,Rel > 25 1454 ± 5 2064 ± 8 70%

Emiss,track,jetCorr
T > 20 1743 ± 6 2869 ± 14 61%

Signal Z → ττ Z → `` W+jets Other
[125 GeV] +γ/jets +γ/jets + Multi-jets Bkgs.

Emiss
T,Rel > 25 22.6 ± 0.4 49.7 ± 2.9 3.7 ± 0.8 179.6 ± 3.1 377.5 ± 3.4

Emiss,track,jetCorr
T > 20 35.4 ± 0.5 319 ± 7 24 ± 8 314 ± 4 467.1 ± 3.9
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The quoted event yields in the table show that the Z+jets process increases

by a factor ∼ 6 using the new Emiss,track,jetCorr
T > 20 GeV requirement. This is

due to the lower Z + jets rejection of the nominal /ET reconstruction with respect

to the projected /ET,Rel . This results in Z+jets events being the most significant

contamination in the WW enriched sample. The enhanced Drell-Yan contribution

in the WW CR worsens by 10% the purity of this region, as quoted in the fourth

column. In order to keep the purity of WW CR at the same level than using the

selection described in Chapter 5, a new upper bound in the angular distribution of

the dilepton system is introduced. Figure 6.17 presents the ∆φ`` distributions from

simulation in the WW for both /ET scenarios.
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Figure 6.17: ∆φ`` distributions in the WW CR for eµ+µe final states without
jets. On the left, the WW candidate events using the reference Emiss

T,Rel > 25 GeV
requirement from Chapter 5 are shown. Right distribution shows the Z+jets
contribution satisfying the new Emiss,track,jetCorr

T > 20 GeV requirement, located
at the high ∆φ`` region.

It is clear from the right distribution that an upper bound in this variable

will reduce significantly the Z+jets contamination. The ∆φ`` < 2.6 requirement is

selected since it provides similar background composition than the obtained with

the previous Emiss
T,Rel threshold. The comparison of the event yields in the WW CR

introducing the ∆φ`` < 2.6 requirement is presented in Tab. 6.12. The purity of the

WW CR increases up to 69% when the new Emiss,track,jetCorr
T > 20 GeV threshold

is applied in combination to ∆φ`` < 2.6.

With the same purpose, the threshold on ∆φ`` is also introduced for the 0

jet top estimate to further reduce Z+jets events satisfying the new requirement on

Emiss,track,jetCorr
T .
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Table 6.12: Expected event yields from MC simulation for WW CR using
different /ET scenarios with eµ + µe final states without jets. WW events are
quoted in the first column while other SM processes are considered as background
in the second column. The third column provides the WW purity in each phase
space. Bottom table shows the total background separated by processes. The
Higgs signal is considered for a mass of mH = 125 GeV. The thresholds are given

in units of GeV. The errors are only statistical.

WW Total Bkg. Purity

Emiss
T,Rel > 25 1454 ± 5 2064 ± 8 70

Emiss,track,jetCorr
T > 20

1603 ± 5 2316 ± 9 69
+ ∆φ`` < 2.6

Signal Z → ττ Z → `` W+jets Other
[125 GeV] +γ/jets +γ/jets + Multi-jets Bkgs.

Emiss
T,Rel > 25 22.6 ± 0.4 49.7 ± 2.9 3.7 ± 0.8 179.6 ± 3.1 377.5 ± 3.4

Emiss,track,jetCorr
T > 20

28.4 ± 0.4 106 ± 4 8.7 ± 1.3 184.4 ± 3.1 414 ± 4
+ ∆φ`` < 2.6

 [GeV]
T,rel

miss
E

0 20 40 60 80 100 120

E
v
e

n
ts

 /
 5

 G
e

V

50

100

150

200

250

300

  
­1 Ldt = 20.3 fb∫ = 8 TeV, s

 + 0 jetsνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys 

 WW

 Other VV

t t

 Single Top
*

γ Z/

 W+jet

 QCD

 H [125 GeV]

Figure 6.18: /ET,Rel distribution in the WW control region for eµ + µe final
states in the H+0j category after adding the new selection: ∆φ`` < 2.6. There
is a significative reduction of the Drell-Yan background comparing with Fig 6.17.

Finally, Fig. 6.18 presents the Emiss
T,Rel distribution in the new WW CR after

applying ∆φ`` < 2.6 requirement. This demonstrates the equivalence of the new

WW CR since the remanent Z+jets contribution is reduced to the level of WW

events in the Emiss
T,Rel < 25 GeV region.
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6.5.2.2 WW+1j and Z/DY → ττ+1j Control Regions

Similar studies are also done in the WW+1j CR in order to evaluate the im-

pact on the new Emiss,track,jetCorr
T > 20 GeV threshold. The following investigations

rely on the results reported in Section 6.5.1.2. The maxmT (W ) is an interesting

variable to study since the Z+jets background that survives to the requirement

on Emiss,track,jetCorr
T , is mostly located at the low maxmT (W ) range, as shown in

Fig. 6.14. In light of this, a high Z+jets background rejection is achieved by intro-

ducing an upper bound on this variable, as quoted in Tab. 6.8.

Table 6.13: Expected event yields from MC simulation for WW+1j CR using
different /ET scenarios with eµ + µe final states. WW events are quoted in the
first column while other SM processes are considered as background in the second
column. The third column provides the WW purity in each phase space. Bottom
table shows the total background separated by processes. The Higgs boson signal,
with mH = 125 GeV, is considered as background. The thresholds are given in

units of GeV. The errors are only statistical.

WW Total Bkg. Purity
Emiss

T,Rel > 25 740 ± 4 1646 ± 6 45%

Emiss,track,jetCorr
T > 20 1445 ± 5 3539 ± 16 41%
+ maxmT(W ) > 50 1098 ± 5 2531 ± 12 43%

Signal Z → ττ Z → `` W+jets Other
[125 GeV] +γ/jets +γ/jets + Multi-jets Bkgs.

Emiss
T,Rel > 25 2.1 ± 0.3 17.1 ± 1.5 2.2 ± 0.6 78 ± 2 808 ± 4

Emiss,track,jetCorr
T > 20 9.7 ± 0.5 196 ± 5 42 ± 12 347 ± 5 1507 ± 6
+ maxmT(W ) > 50 4.3 ± 0.4 77.3 ± 3.3 17 ± 9 165 ± 3 1174 ± 5

For the WW+1j CR, Tab. 6.13 presents the change in the event yields for

two /ET scenarios. Comparing with respect to the previous Emiss
T,Rel > 25 GeV re-

quirement, the new event selection significantly increases the Z+jets and W+jets

contamination in the WW + 1j CR, as expected. The consequence is that the

WW+1j region decreases its purity from 45% to 41%. However, the introduction

of the maxmT(W ) > 50 GeV threshold efficiently rejects Z/DY → ττ events. This

recovers the purity to 43% in the WW+1j CR, as shown by the expected event

yields in the last row of Tab. 6.13.

Figure 6.19 presents the maxmT (W ) distribution from MC simulation for

eµ+µe final states in the WW+1j CR. Similarly to the the H+1j phase space, the

low region of this spectrum is mostly populated by W+jets, multi-jets, and Z/γ∗

backgrounds. Thus, the upper threshold maxmT (W ) > 50 GeV is added to the

event selection in the WW+1j CR in order to reject such contributions.
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Figure 6.19: Expected maxmT(W ) distribution for eµ+µe final states in the
WW+1j CR from MC simulation.
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Figure 6.20: maxmT(W ) distribution for eµ+µe final states in the Z/DY →
ττ+1j CR from MC simulation. The maxmT(W ) distribution is done after
the selection on the mττ mass window to define the Z/DY → ττ+1j CR. The
background composition motivates the introduction of the new upper bound

requirement on maxmT(W ).

The Z/DY → ττ+1j CR also benefits from the introduction of the maxmT(W )

quantity. The inversion of the maxmT(W ) threshold required inH+1j andWW+1j

samples, results in an efficient selection of Z/DY → ττ candidates in this case. Fig-

ure 6.20 shows the maxmT(W ) distribution for eµ+µe final states being consistent

with Z/DY → ττ+1j CR. The high discrimination power between the Z/γ∗ and the
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other backgrounds motivates the introduction of maxmT(W ) < 50 GeV requirement

for improving the selection of Z/DY → ττ+1j candidate events.

Finally, the good resolution on the Emiss,track,jetCorr
T is extended to other varia-

bles relying on the /ET measurement. This is the case of the mττ variable described

in Section 5.7.3. The mττ spectrum is used to select events compatible with the

Z/DY → ττ process by defining a window around the Z boson mass. The mττ

computation relies on the /ET measurement and different reconstructions have been

evaluated in terms of resolution of the Z/DY → ττ peak. Figure 6.21 presents the

mττ distribution based on the Emiss,track,jetCorr
T measurement in the top+1j CR. The

narrower Z/γ∗ peak using the Emiss,track,jetCorr
T in the mττ computation, instead of

other /ET reconstruction methods, allows to veto higher number of Z/γ∗ candidate

events. In the Z/DY → ττ+1j CR, the benefit of using the Emiss,track,jetCorr
T recon-

struction in the mττ computation achieves an improvement of ∼ 10% on the purity

of this sample.
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Figure 6.21: mττ distribution using the Emiss,track,jetCorr
T measurement for

eµ+µe final states in the top+1j CR from MC simulation.

6.5.2.3 Top+2j and Z/DY → ττ+2j CRs

The H+2j signal phase space and the Z/DY → ττ+2j CR make use of the mττ

distribution to veto and select Z/DY → ττ candidates, respectively. The higher

performance of the mττ quantity based on the Emiss,track,jetCorr
T reconstruction, mo-

tivates to replace this variable in the correspondent H+2j regions as well.
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In general, dropping the /ET requirement in the H+2j analysis has low impact

on the CRs event yields compared with the previous Emiss
T > 20 GeV selection.

Table 6.14 quotes the event yields from simulation in the top+2j and Z/DY →
ττ+2j CRs for the two /ET scenarios discussed in Section 6.5.1.3. The last column

shows the data/MC agreement in both cases. The high compatibility observed in

the H+2j related regions with and without /ET requirement, suggests to keep the

selection referred to these enriched regions as in Chapter 5.

Table 6.14: Event yields from simulation and 2012 data (Obs.) for top+2j (top)
and Z/DY → ττ+2j (bottom) CRs using different /ET scenarios. The ggF Higgs
signal is considered for a mass of mH = 125 GeV and it is included in the total
background column. The VBF Higgs signal contribution is negligible and thus
excluded. Last column quotes the ratio between observed and expected events.

The /ET threshold is given in units of GeV. The errors are only statistical.

WW V V tt̄
Single Z/γ∗ W+jets Total Bkg.

Obs. Data
MCTop +jets + Multi-jets (+ggf)

Top+2j Control Region

Emiss
T > 20

141 41 20020 1368 286 277 22140
21536

0.97
± 3 ± 4 ± 50 ± 5 ± 8 ± 6 ± 50 ± 0.01

No /ET cut
151 46 21300 1468 365 328 23670

23028
0.97

± 3 ± 4 ± 50 ± 5 ± 9 ± 6 ± 50 ± 0.01

Z/DY → ττ+2j Control Region

Emiss
T > 20

17 5.3 82 8.3 230 26.7 365
330

0.90
± 1 ± 0.6 ± 4 ± 0.5 ± 6 ± 1.7 ± 8 ± 0.05

No /ET cut
18 6.3 88 8.6 357 37 519

474
0.91

± 1 ± 0.7 ± 4 ± 0.5 ± 8 ± 2 ± 10 ± 0.05

6.5.3 Same Flavour Final States: ee+µµ

The /ET requirements play an important role in the H→WW (∗)→ `ν`ν analysis

when the ee+µµ final states are considered. The Z/γ∗ process constitutes the main

background source in this category, thus a lower bound on the /ET spectrum is crucial

to suppress this background. However, the large pile-up environment, specially

suffered during 2012 data-taking, degrades the resolution of the /ET measurement

and causes Z/γ∗ events to be reconstructed with significant /ET . This behaviour

enhances Z/γ∗ contamination in the H→WW (∗)→ `ν`ν search evolving ee+µµ final

states. The performance of the different /ET reconstruction methods in Z → ``

events is addressed in Section 6.4. Data/MC comparisons for all four different /ET

reconstruction methods are collected in Appendix D .



Chapter 6. Missing Transverse Momentum Optimisation 233

The first investigations on /ET optimisation for ee+µµ final states used as

figure of merit the Higgs boson signal significance with mH = 125 GeV as defined

in Eq. 6.6. The systematic uncertainties for each of the processes at the end of the

event selection are taken from Chapter 5. These uncertainties values are summarised

bellow for the main background contributions,

• W+jets prediction is taken from data, as described in section 5.9.2. The

systematic uncertainty of 30% is considered for both categories, H+0j and

H+1j.

• WW , top and Z → ττ are taken from MC and normalized to data in their

respective eµ+µe CRs. Systematic uncertainties of 7.4% (37%) for WW , 13%

(30%) for top, and 14% (40%) for Z → ττ in the H+0j (H+1j) category.

• Z → ee/µµ estimated from data using the Pacman method with 60%(80%)

systematic uncertainty, for H+0j (H+1j) category.

• Other diboson processes taken directly from simulation, with 16% (22%) sys-

tematic uncertainty, for H+0j (H+1j) category.

6.5.3.1 H+0j and H+1j Analyses

Aiming to reduce the huge Z/DY contamination, the projected /ET,Rel magnitude

is used for ee+µµ final states in the H→WW (∗)→ `ν`ν search. Figure 6.22 com-

pares the shape of the nominal /ET measurement and its projected /ET,Rel version

for ee+µµ events satisfying the full H→WW (∗)→ `ν`ν selection, except the /ET

requirements. Using a lower bound on the projected /ET,Rel distribution achieves

about a factor 2 higher Z/γ∗ suppression than with the nominal /ET measurement.

Table 6.15 quotes the mean values obtained from distributions in Fig. 6.22. For

both set of comparisons, the projected /ET,Rel quantity tends to lower mean values.

This behaviour motivates the /ET,Rel usage in the H→WW (∗)→ `ν`ν search with

ee+µµ final states when considering the H+0j and H+1j categories.

Emiss
T Emiss

T,Rel Emiss,track
T Emiss,track

T,Rel

H+0j 27.1 23.9 30.2 26.9

H+1j 22.4 12.5 24.0 8.43

Table 6.15: Mean values in GeV obtained for /ET reconstruction methods in
Fig. 6.22. The quoted values correspond to ee+µµ final candidates in the H+0j

and H+1j categories in the top and bottom row, respectively.
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Figure 6.22: /ET (left) and /ET,Rel (right) shape comparisons from simulation
for ee+µµ final candidates in the H+0j and H+1j categories on top and bottom,

respectively.

As shown by right distributions in Fig. 6.22, the Emiss
T,Rel spectrum presents the

highest contribution up to 45 GeV for both H+0j and H+1j analyses. In earlier

studies, it was found that a lower bound on Emiss
T,Rel provides the highest expected

signal significance [111] compared with other /ET,Rel magnitudes. In light of this, the

optimisation procedure evaluates the Emiss
T,Rel in combination with requirements on the

other Emiss,STVF
T,Rel and Emiss,track

T,Rel measurements to further reject Z/γ∗ background.

Figure 6.23 shows the two-dimensional (2-D) scan of the lower /ET,Rel bounds using

two different combinations: Emiss
T,Rel and Emiss,track

T,Rel on the left, and Emiss,STVF
T,Rel and

Emiss,track
T,Rel on the right. The distributions on the top row are obtained computing

the signal significance as described above using the event yields from simulation

for H+0j final candidates. The distributions on the bottom row are obtained for

the H+1j analysis. Each point in the 2-D grid shows the significance obtained by
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using cut values at that point. The optimal threshold values for each combination

are circled for the H+0j analysis. In this case, there is a ∼ 10% improvement

in the expected significance for Emiss
T,Rel and Emiss,track

T,Rel combined thresholds. These

optimisation investigations suggest that applying combined requirements on Emiss
T,Rel

and Emiss,track
T,Rel leads to higher signal significance results than using Emiss,track

T,Rel and

Emiss,STVF
T,Rel thresholds, for both H+0j and H+1j.

Figure 6.23: 2D signal significance scans for the optimization of lower bounds
on missing transverse energy. Emiss

T,Rel versus Emiss,track
T,Rel is shown on the left and

Emiss,STVF
T,Rel versus Emiss,track

T,Rel is on the right. The top distributions are for the 0-
jet bin and the bottom ones are for 1-jet bin. The circle in the top plots highlights

the optimal point.

Using the new Emiss,track,jetCorr
T,Rel definition was also considered for the H+1j

analysis as well. Note that for H+0j analysis this is identical to Emiss,track
T,Rel . Once the

projected quantities are computed, the comparison of both track-based definitions

shows that Emiss,track
T,Rel provides higher rejection and better shape separation of Z/DY

background from the signal. This is illustrated in Fig. 6.24, for the remaining Z/DY

contribution after the full H+1j selection is applied.
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The nominal Emiss,track
T has poor performance because of mis-measured neu-

tral particles, as extensively reported in Section 6.4. This reconstruction presents

higher width and tails than the Emiss,track,jetCorr
T . However, the results using the

corresponding projected distributions show that the best resolution in Z/DY events

is obtained for the Emiss,track
T,Rel magnitude. This behaviour is observed for both ee

and µµ final states.
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Figure 6.24: Comparisons of the shapes of Emiss,track
T (blue) and

Emiss,track,jetCorr
T (red) and their corresponding relative quantities (dashed lines)

for Z/DY simulated samples, ee on the left and µµ final states on the right.
Distributions are obtained after the full selection criteria for the H+1j analysis

is applied.

The distributions in Fig. 6.25 show the azimuthal separation between Emiss,track
T

and the jet on the left and Emiss,track,jetCorr
T and the jet on the right, for events in

the Z CR. It is clear that Emiss,track
T tends to point in the direction of the jet,

whereas Emiss,track,jetCorr
T points mostly away from the jet, causing Emiss,track

T,Rel to be

projected more than Emiss,track,jetCorr
T,Rel . Hence, the combination achieving the highest

Higgs signal significance in H→WW (∗)→ `ν`ν analysis with ee+µµ final states is

Emiss
T,Rel and Emiss,track

T,Rel .

The H→WW (∗)→ `ν`ν strategy in ee+µµ final states, takes advantage of

different and complementary methods to suppress Z/DY background to manageable

level, while maintaining a reasonable Higgs boson signal acceptance. An additional

measurement of the soft hadronic momentum recoiling the dilepton system is used

to further reduce this background. The details on the frecoil subject are addressed

in Chapter 5, Section 5.6.3.2. The optimal selections to be applied on Emiss,track
T,Rel

and Emiss
T,rel were found by scanning not only these variables but also frecoil and p``T ,

since they are largely correlated and targeted at suppressing Z/DY events.
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Figure 6.25: Azimuthal angle between Emiss,track
T and Emiss,track,jetCorr

T with
respect to the jet in Z → `` events with exactly one jet in the final state in

8 TeV data and MC simulation.

It is found that the optimal frecoil and p``T selections led to highest significances

when used in combination with the following thresholds,

• H+0j: Emiss
T,rel > 40 GeV and pmiss,trk

T,rel > 40 GeV,

• H+1j: Emiss
T,rel > 40 GeV and pmiss,trk

T,rel > 35 GeV.

These become the new requirements for selection of ee+µµ candidates in the

H→WW (∗)→ `ν`ν analysis up to one jet.

6.5.3.2 H+2j Analysis

As in the Njets ≤ 1 jet categories, the ee+µµ final candidates in the H+2j analysis

are dominated by Z/DY background. Thus, a lower bound in the /ET spectrum is

crucial to suppress this process. Note that the projected /ET,Rel computation is bi-

ased in the H+2j case due to the high jet activity. This means the projected /ET,Rel

magnitude is computed almost randomly, also in events with genuine measurement,

as the Higgs boson decay into a pair of W bosons.

Figure 6.26 shows the different /ET reconstruction methods from MC simu-

lated ee+µµ final candidates in the H+2j analysis. Besides the low available statis-

tics, Emiss
T and Emiss,track,jetCorr

T spectrums concentrate higher number of background

events at the low region. Hence, the lower mean values for the total background

hypothesis are provided by these reconstruction methods, as shown by the quoted

numbers in the legend. The Emiss,track,jetCorr
T recovers Emiss,track

T resolution and its

performance is better than the Emiss, STVF
T measurement, used so far in this category.
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Figure 6.26: /ET distributions for ee+µµ final candidates in the H+2j category.
Left distribution shows the total SM background and right plot shows the VBF
production mechanism of the Higgs boson with mH = 125 GeV. In the legends
the mean and RMS values in GeV are quoted for each of the /ET reconstruction

methods.

In light of these shape comparison results, it is expected to further reject

Z/DY contamination applying a combined lower bound on Emiss
T and Emiss,track,jetCorr

T

quantities.

Figure 6.27 shows the expected significance computed from Eq. 6.5 and 6.6 on

the left and right, respectively; for each /ET (circles) and its corresponding projected

/ET,Rel (triangles) magnitudes. In general, the /ET requirements above 35 GeV pro-

vide higher significance values than the same threshold on the projected /ET,Rel mag-

nitudes. This is expected since the high jet activity in these events can overcorrect

the projected /ET,Rel quantities, as mentioned above. The highest significances are

obtained for Emiss
T , since this concentrates more background events at the low region

of the spectrum. Moreover, the second highest significance values are achieved after

requiring a lower bound on Emiss,track,jetCorr
T . It improves the expected VBF Higgs

boson signal significance by ∼ 9% with respect the previous Emiss, STVF
T requirement

used up to now.

Finally, the optimal /ET selection values in the ee+µµ H+2j category, are

found performing a similar 2-D scan procedure as for the H+0j and H+1j ana-

lyses. The optimal /ET requirement values for ee+µµ final candidates in the H+2j

category are Emiss
T > 55 GeV and Emiss,track,jetCorr

T > 50 GeV.
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Figure 6.27: Higgs boson signal expected significance as a function of different
/ET threshold values and measurements for ee+µµ final candidates in the H+2j
analysis. Left distribution corresponds to the Poisson significance and right is the
figure of merit which includes the systematic uncertainties for each background.

6.6 mT Performance and Optimisation

As discussed in Chapter 5, the /ET measurement is not only used to suppress back-

ground contributions, like Z/DY in ee+µµ final states, but also for computing other

magnitudes as mττ , maxmT(W )... One of the most relevant variable is the mT,

defined in Eq. 5.7. In this light, there are also four different mT measurements

depending on the /ET reconstruction method entering in the mT computation. The

differences on the /ET reconstruction methods are expanded to the mT measurement

as well. This dependence is crucial for optimisation purposes since the separation of

the Higgs boson signal from the SM background is done through the mT shape in

the statistical likelihood fit. In the H→WW (∗)→ `ν`ν analysis, a fit in data to the

mT is used to extract the signal strength and to perform the optimisation results

discussed in Section 6.5. So far, Emiss
T has been used in the calculation of mT. How-

ever, it has been shown that other measurements of /ET have better resolution and

show more stability against pile-up and may, therefore, provide better separation

between signal and background. This section contains investigations on the different

mT measurement in terms of performance and expected signal significance.

Figure 6.28 shows that the separation power between the signal and diboson

W+ jets backgrounds is higher for the mT based on Emiss,track,jetCorr
T than for the

other mT reconstructions. The difference in shape and composition of the total

background for each mT reconstruction is clearly visible in the distributions.
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Figure 6.28: Expected mT distributions based on Emiss
T on the left, and

Emiss,track,jetCorr
T on the right for eµ+µe final candidates in the H+0j (top) and

H+1j (bottom) categories.

The improvement in resolution achieved by the Emiss,track,jetCorr
T reconstruc-

tion in the mT computation is also evaluated for MC simulated Higgs boson signal

with mH = 125 GeV. Figure 6.29 compares the different mT measurements using

Higgs boson signal MC samples. The legend quotes the mean and RMS values for

each mT reconstruction.

A summary of the expected significance obtained when fitting different mT

definitions for the eµ+µe final state in H+0j and H+1j analysis are presented in

Tab. 6.16. For easier comparison, the relative differences are calculated with respect

to the fit obtained with the Emiss
T -based mT, as used so far. The best result is

obtained by fitting mtrack,jetCorr
T , which achieves an improvement of ∼ 13%. The

gain when using mtrack,jetCorr
T comes from the higher separation power between the

Higgs boson signal and backgrounds like Wγ and W+ jets, which are not negligible

contaminations at the end of the event selection in these categories. The statistical

fit using mtrack,jetCorr
T benefits of this behaviour to extract the signal strength.
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Figure 6.29: mT distributions from MC simulation of a Higgs boson with mH =
125 GeV produced through the ggF production mode for eµ+µe final candidates

in the H+0j and H+1j on the left and right, respectively.

Z125
exp eµ+µe 0j diff. eµ+µe 1j diff.

mT fit 2.226 +0.0% 1.715 +0.0%
mSTVF

T fit 2.472 +11.1% 1.807 +5.3%
mtrack

T fit 2.509 +12.7% 1.578 −8.0%

mtrack,jetCorr
T fit 2.509 +12.7% 1.954 +13.9%

Table 6.16: Expected Higgs boson with mH = 125 GeV signal significance for
different mT reconstructions for eµ+µe final candidates in H+0j and H+1j
categories. All relative differences (“diff” columns) are calculated with respect

to the fit using mT.

The good performance and the higher separation power between signal and

background is also studied in ee+µµ final candidates. In Fig. 6.30, for the H+0j,

and Fig. 6.31, for the H+1j, the shapes of the individual background source are

compared directly for the different mT reconstructions. In general, mT computed

with Emiss,track,jetCorr
T shows the best resolution for the different background con-

taminations also in the ee+µµ final candidates. This behaviour is seen for the signal

as well, as shown in Fig. 6.32, where the different shapes for a sample with a mass

of 125 GeV are compared also to the true mT value obtained from the simulation.

The expected uncertainty on the signal strength, as well as the expected

significance, are determined for each of the different mT flavour fits. The obtained

results are presented in Tabs. 6.17 and 6.18. For comparison purposes, the relative

differences (show as percentage) are calculated with respect to the fit in the Emiss
T -

based mT used until now. The best result is obtained by fitting mT calculated with

Emiss,track,jetCorr
T .
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Figure 6.30: mT shape comparisons from simulation for ee+µµ final candidates
in H+0j category for different background sources - WW on top left, Z/DY on
top right, W+jets on bottom left and other dibosons on the bottom right. In the
mT calculation, different /ET reconstructions are used: Emiss

T in black, Emiss, STVF
T

in red and Emiss,track
T in green/blue.

Table 6.17: Expected uncertainty on the Higgs boson signal strength when
fitting different mT reconstructions. All relative differences (“diff” columns) are
calculated with respect to the fit using mT. Last row (”fit + double bins”)
doubles the number of mT bins with respect to the previous row, i.e., 10/6 bins

instead of 5/3 in the 0/1-jet case, respectively.

H+0j H+1j H+0/1j
µ̂125

exp Strength diff. Strength diff. Strength diff.

mT 1+1.026
−1.024

+0.0%
+0.0% 1+1.551

−1.388
+0.0%
+0.0% 1+0.828

−0.81
+0.0%
+0.0%

mSTVF
T 1+0.985

−0.969
+3.7%
+4.9% 1+1.534

−1.453
+1.0%
−2.7% 1+0.81

−0.799
+1.9%
+1.2%

mtrack
T 1+0.971

−0.946
+4.9%
+7.0% 1+1.686

−1.593
−8.2%
−11.6% 1+0.817

−0.799
+1.1%
+1.2%

mtrack,jetCorr
T 1+0.972

−0.947
+4.9%
+6.9% 1+1.544

−1.476
+0.4%
−5% 1+0.801

−0.787
+2.9%
+2.5%

mtrack-jetCorr
T 1+0.949

−0.916
+6.9%
+9.7% 1+1.416

−1.251
+7.3%
+7.7% 1+0.762

−0.735
+7.1%
+8.2%+ double bins
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Figure 6.31: Transverse mass shapes for ee+µµ final candidates in the H+1j
category for different background sources - Z/DY on the left and other dibosons
on the right - using different /ET definitions for the mT calculation: Emiss

T in
black, Emiss, STVF

T in red, Emiss,track
T in green and Emiss,track,jetCorr

T in blue.

Figure 6.32: Difference between each of the mT calculations and the generated
mT value from the simulation of the Higgs boson signal, with mH = 125 GeV,
for ee+µµ final candidates in the H+1j category. mtrack,jetCorr

T is represented in
orange and it shows the smallest difference with respect to the true value and

the best resolution.

The results varying the number of bins with ee+µµ final candidates are pre-

sented in the last rows in Tabs. 6.17 and 6.18. Doubling the number of bins in the

fit of mtrack,jetCorr
T in the fit treatment achieves an extra improvement of ∼ 5% in

the expected significance results also in the same flavour channels.
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Table 6.18: Expected Higgs boson with mH = 125 GeV signal significance for
different mT measurements in ee+µµ final candidates for H+0j and H+1j cat-
egories. All relative differences (“diff” columns) are calculated with respect to
the fit using mT. Last row (”fit + double bins”) doubles the number of mT bins
with respect to the previous row, i.e., 10/6 bins instead of 5/3 in the 0/1-jet case,

respectively.

H+0j H+1j H+0/1j
Z125

exp Signif. diff. Signif. diff. Signif. diff.

mT 0.979 +0.0% 0.737 +0.0% 1.233 +0.0%

mSTVF
T 1.034 +6.1% 0.713 −4.0% 1.247 +1.3%

mtrack
T 1.057 +8.6% 0.657 −13.2% 1.245 +1.1%

mtrack,jetCorr
T 1.056 +8.5% 0.704 −5.5% 1.263 +2.8%

mtrack-jetCorr
T 1.09 +12.4% 0.812 +11.7% 1.355 +11.4%

+ double bins

Table 6.19: Expected significance (”Signif” columns) obtained when fitting dif-
ferent mT measurements for ee+µµ and eµ+µe final states in the H+2j analysis
on the right and left, respectively. All relative differences (”diff” columns) are

calculated with respect to the mT result.

Z125
exp

ee+µµ eµ+µe
Signif. diff. Signif. diff.

mT 0.630 +0.0% 1.249 +0.0%

mtrack,jetCorr
T 0.693 +10.0% 1.298 +3.9%

Same results and conclusions are obtained in the H+2j analysis. The fit

using the mtrack,jetCorr
T improves the expected significance by ∼ 4% and ∼ 10% for

the eµ+µe and ee+µµ final states respectively. The results are quoted in Tab. 6.19.

Finally, different number of mT bins are also studied, to take advantage of

improved signal resolutions. Table 6.20 compares the expected significance when

doubling the number of bins used in the fit procedure, i.e., 10 bins for the H+0j

analysis instead of the previous 5 bins, and 6 bins in the H+1j analysis instead of the

3 bins used so far. The improvement in the eµ+µe channels is specially significative

in the H+1j analysis, as expected from Fig. 6.28, achieving a gain in the expected

significance up to ∼ 6%. The final choice, based on the results presented in this

section, is to use the mtrack,jetCorr
T for all H→WW (∗)→ `ν`ν categories. Moreover,

the H+0j and H+1j analysis with eµ+µe highly benefit from doubling the number

of bins in the fit procedure.
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Table 6.20: Expected significance obtained when fitting mT with different num-
ber of bins. All relative differences (“diff” columns) are calculated with respect

to the fit using 5 and 3 bins for the H+0j and H+1j analysis, respectively.

Nbins
H+0j H+1j

5 bins 10 bins diff. 3 bins 6 bins diff.
eµ+µe 2.434 2.465 +1.3% 1.673 1.772 +5.9%
eµ 2.057 2.077 +1.0% 1.405 1.468 +4.5%
µe 1.391 1.415 +1.7% 1.196 1.246 +4.2%

6.7 Conclusions

This chapter presents several /ET investigations focused on improving the sensitivity

of the H→WW (∗)→ `ν`ν search. The final optimised results highly benefit from

the development of a new /ET reconstruction. The new Emiss,track,jetCorr
T measure-

ment is based on the Emiss,track
T approach but replacing tracks by the corresponding

calorimetric measurements and adding neutral particles, which are excluded in the

original Emiss,track
T reconstruction. The results show that the Emiss,track,jetCorr

T is able

to recover the resolution in events with jets, while still maintains a good stability

against pile-up, and smaller tails in Z → `` process. Additional investigations using

event topologies with genuine /ET , also point to a more reliable measurement when

using the Emiss,track,jetCorr
T reconstruction.

The strategy for optimising the /ET criteria in the H→WW (∗)→ `ν`ν analysis

relies on simulated final candidate events, computing the signal significance through

the statistical likelihood fit. Given the background composition and contribution de-

pends on the final state, the /ET optimisation is developed in eachH→WW (∗)→ `ν`ν

analysis category. For eµ+µe final candidates the different /ET measurements per-

form very similarly at the end of the event selection. The low region of the spectrums

is almost no populated since the main backgrounds, as well as the Higgs boson sig-

nal, are expected to have genuine /ET . In addition, the analysis requirements on m``

and p``T , which are correlated with the /ET measurement, sculpt the /ET shapes at the

end of the selection. Hence, similar expected signal significance values are obtained

by using any of the /ET reconstruction methods. However, the Emiss,track,jetCorr
T is

preferred because of its better performance and resolution. A conservative thresh-

old of 20 GeV is used for H+0j and H+1j categories. The new Emiss,track,jetCorr
T

requirement increases the expected significance by 7% in the ggF-enriched analysis

with respect to the previous selection.
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Since the Higgs boson production via VBF is typically characterised by two

emerging quarks, the /ET measurement for the VBF Higgs signal is expected to

be smaller than in the ggF production mode. The results confirm that the low

region of the /ET spectrums is mainly populated by signal events. In this light, the

VBF strategy does not apply any threshold on the /ET measurement in eµ+µe final

states. For the VBF-enriched search, the overall improvement due to the optimised

/ET selection is observed up to 14% in the expected significance results.

In the H→WW (∗)→ `ν`ν search, ee+µµ final states are affected by a huge

Z/γ∗ contribution, so combinations of several /ET reconstruction methods have to

be applied to further suppress this background. When the final state contain up

to one jet, the requirement is done using the projected Emiss
T,Rel and Emiss,track

T,Rel mea-

surements. Investigations on the direction of the new Emiss,track,jetCorr
T,Rel conclude

that the rejection power of the original Emiss,track
T is still higher. This is due to the

latter reconstruction tends to point to the mis-measured jet, hence the projected

/ET,Rel magnitude benefits from this feature. However, for the VBF-enriched anal-

ysis with ee+µµ final candidates the /ET,Rel magnitude may be biased because of

the probability to randomly project the /ET into the direction of any reconstructed

jet. This points back to the usage of the nominal Emiss,track,jetCorr
T measurement,

complemented with a lower bound on Emiss
T .

The better Emiss,track,jetCorr
T performance is exploited to also benefit other

/ET -dependent variables, as the mT. Results show a better resolution of the mT

measurement obtained by using the Emiss,track,jetCorr
T in the computation. This

leads to higher separation between the Higgs signal and the remaining backgrounds,

specially for multi-jets and non-WW diboson processes. The introduction of the

Emiss,track,jetCorr
T in the mT computation enhances the expected significance by 9%

in the most sensitive category.



Chapter 7

Observation of Higgs Boson

Decays to WW ∗ with ATLAS

7.1 Introduction

Chapter 5 describes the H→WW (∗)→ `ν`ν analysis strategy and the results ob-

tained using the whole data collected by the ATLAS detector during Run-I period.

However, optimisation results on /ET thresholds and mT comparisons from Chap-

ter 6 show that the sensitivity of the search can be enhanced. In light of this, a

complete analysis optimisation procedure has been investigated using the total in-

tegrated luminosity at 8 TeV collected at ATLAS. The main developments rely on

the introduction of more performant variables, as the jet-corrected track-based /ET ;

improvements on techniques for estimating backgrounds, which allow to reduce sys-

tematic uncertainties associated to them; and extensions of the signal phase space

to increase the Higgs boson signal acceptance, as the introduction of a new H+2j

ggF-enriched category. The whole strategy has undergone through optimisation in-

vestigations which use the likelihood fit to ensure modifications benefit the expected

significance and no tensions between nuisance parameters are added. All the changes

motivated by those studies are propagated to the 7 TeV data sample as well.

This chapter is structured as follows. Section 7.2 summarises the changes

adopted in the different categories in which the search is divided. Section 7.3 presents

the performance of the analysis using the new selection. The final candidates for the

ggF-enriched region are shown in Section 7.3.1. The H+2j VBF-enriched analysis

makes use of a new multivariate approach which replaces the cut-based analysis used

247
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up to now. The basis of this procedure and its results are presented in Section 7.3.2.

The last part of the chapter contains the results obtained through the likelihood fit in

Section 7.4. The observation of the Higgs boson in the H→WW (∗)→ `ν`ν channel

and the evidence of the VBF production mechanism are found in Sections 7.4.1

and 7.4.2, respectively. The results on the measured signal strength for the inclusive

search, as well as for the ggF and VBF production modes, are given in Section 7.4.3.

Following that, Section 7.4.4 uses the previous signal strength in each production

mode to test the compatibility of the fermionic and bosonic couplings of the Higgs

boson with the SM prediction. Finally, the Higgs cross section measurements are

given in Section 7.4.5.

7.2 New Developments on H→WW (∗)→ `ν`ν Search

The main improvements on the H→WW (∗)→ `ν`ν analysis with respect to the

strategy presented in Chapter 5 are summarised below.

7.2.1 Common Changes

The changes, which are common to all analysis categories for 8 TeV data, are briefly

described in the following.

Dilepton triggers

The re-analysis of the 8 TeV data uses events selected with triggers that required

either a single lepton or two leptons (dilepton). The single lepton triggers had

more restrictive lepton identification requirements and higher pT thresholds than

the dilepton triggers. The benefit of requiring two leptons with opposite charge at

the trigger level allows to lower the lepton pT thresholds while still maintaining the

trigger efficiency.

Electron identification

Improvement on electron identification which is based on a new likelihood tech-

nique [149]. This improves background rejection and allows to lower the psub
T re-

quirement.

Lepton pT thresholds

The pT threshold of the leading lepton is lowered from 25 to 22 GeV and the re-

quirement on the subleading lepton is changed from 15 GeV to 10 GeV. Lowering

the requirements on the pT thresholds increases the signal acceptance. The gain in

the signal is illustrated in the first two bins of pT distributions shown in Fig. 7.1.
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Figure 7.1: Subleading lepton pT distributions for eµ+µe final candidates in
H+0j and H+1j categories in 8 TeV ATLAS data and MC simulation. The
distributions are shown for two categories of events based on the flavour of the
subleading lepton (`2). The plots are made after requiring all selections up to
the mT requirement, as shown in Tab. 7.3. The observed data points (Obs,
•) with their statistical uncertainty (stat) are compared with the histograms
representing the cumulative expected contributions (Exp, ), for which the
systematic uncertainty (syst) is represented by the shaded band. This band
accounts for experimental and theoretical uncertainties. The legend order follows
the histogram stacking order of the plots. The arrows mark the bin boundaries

for defining the signal regions used in the likelihood fit.

Switch to jet-corrected track-based /ET

The more performant jet-corrected track-based /ET leads to a significant improve-

ment when using this quantity for the /ET thresholds. Moreover, its better resolution

is used for defining /ET -dependent quantities as mT and mττ . Figure 7.2 compares

the resolution of the /ET and mT quantities from simulated ggF signal events. Com-

plete results on the jet-corrected track-based /ET performance are detailed in Sec-

tion 6.4. For sake of simplicity, the jet-corrected track-based /ET quantity described

in Chapter 6 will be referred to as pmiss
T in the following.

Lower jet pT threshold for b-veto

To further reduce contamination from top quark decays, the veto on b-tagged jets

is extended to remove events with any b-tagged jet with pT > 20 GeV. Previously,

only events with a b-tagged jet over the standard analysis jet counting thresholds
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Figure 7.2: Resolutions of (a) /ET and (b) mT for the ggF signal MC in
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T ) measurements. The resolution

is measured as the difference of the reconstructed (Reco.) and generated (Gen.)
quantities. The RMS (r.m.s.) of the distributions are given in the legends in

units of GeV.

were used. This was, pT > 25(30) GeV for |η| < (>)2.4 (see Section 5.6.2).

Multi-jet estimation and Z/DY fake factor

Previously, the multi-jet contribution was relatively small and included in theW+ jets

data-driven method, as described in Section 5.9.2. However, lowering the pT thres-

holds of lepton candidates enhances the contribution of multi-jet background. A
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direct estimate of this contribution is calculated and included in the analysis sepa-

rately. In addition, the fake factor used in the W+ jets estimate is now derived from

the Z/DY sample instead of the dijet sample used so far. The Z/DY sample com-

position and its pT spectrum are closer to the W+ jets control sample. Hence, the

main advantages using the Z/DY fake factor are the more accurate estimation of the

W+ jets background, as well as, the reduction of the sample dependence systematic

uncertainty.

Top theory

Previously, a non-uniform set of uncertainties from statistically-limited MC com-

parisons was used to determine the top quark background theory systematics. This

procedure has been changed to take into account variations of the four independent

sources: scale variations, PDF, PS and MC modelling uncertainties.

The changes for the 7 TeV data analysis mimic the new common selection

changes to benefit from the improvements obtained using the 8 TeV optimisation

results. Furthermore, it keeps consistency between the two data years and simplifies

the final 7 + 8 TeV combination .

7.2.2 Changes in the ggF-enriched Analysis

This section summarises specific changes adopted in the H→WW (∗)→ `ν`ν analysis

when the Higgs boson production mode is ggF.

/ET requirements

The decrease on signal acceptance and the low background rejection motivated the

change of the previous Emiss
T,Rel requirement in the eµ+µe final states. The more

robust and performant pmiss
T is now used to define the selection in this case. Complete

optimisation studies of the /ET in the H→WW (∗)→ `ν`ν analysis are presented in

Section 6.5. Figure 7.3 shows the pmiss
T spectrum at the preselection level with

Njets = 0 and Njets = 1 separately. Vertical arrows in these distributions indicate

the threshold of the /ET selection requirement in eµ+µe and ee+µµ final candidates.

Introduction of max(mT(W ))

Processes with at least one realW boson typically have a large value of max(mT(W )),

as defined in Eq. 6.4, for at least one of the two leptons. In light of this, to fur-

ther reduce multi-jet and Z/DY → ττ contributions in the H+1j analysis with

eµ+µe final states it is possible to introduce a new lower bound in this quantity:

max(mT(W )) > 50 GeV. Moreover, this requirement is inverted in the CRs in order
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Figure 7.3: Top distribution corresponds to the Emiss
T,Rel distribution for the

ee+µµ final states with Njets ≤ 1. Bottom distributions represent the jet-
corrected track-based /ET quantity after applying the preselection criteria for
different flavour final states. Bottom left plot corresponds to events without jets
and bottom right has required Njets = 1. The arrows mark the thresholds of the

selection requirements. See Fig. 7.1 for plotting details.

to increase the purity of the corresponding process in the background phase space.

Details on the max(mT(W )) magnitude are given in Section 6.5.1.2.

Double bining in mT fit

The number of bins in which the mT distribution is divided for the likelihood fit

has been doubled: from 5 to 10 and from 3 to 6 in the H+0j and H+1j analysis,

respectively. The double bining increases the expected significance by 3% and 5%

in the eµ+µe and ee+µµ final states, respectively. Studies using the double bining

in the mT distribution are presented in Section 6.6.

Signal region boundaries

The upper bound of the ggF signal regions withNjets ≤ 1 is moved fromm`` < 50 GeV
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to m`` < 55 GeV. This change increases the signal acceptance and leads to a 1.5%

improvement in the expected significance for the different flavour final state.

3D fit

The signal regions for the H+0j and H+1j analyses in the eµ+µe final states are

subdivided in m`` and mT, as well as in psub
T now. The signal region is further

divided using the psub
T spectrum into three bins, at 15 GeV and 20 GeV boundaries,

as shown in Fig 7.1. These additional regions facilitate the inclusion of data with

lower psub
T and increases the sensitivity, improving the expected significance by 7.6%.

This improvement is due to the decrease in statistical uncertainties, which results

from the addition of data with 10 < psub
T < 15 GeV, as well as exploiting different

signal over background ratios in the different regions.

H+2j ggF-enriched category

A new ggF-enriched category is added to the analysis. This additional signal region

contains Njets ≥ 2 but is orthogonal to the VBF-enriched phase space. The non-

overlap is guaranteed by requiring the events to fail at least one of the VBF-specific

selections. In the H+2j ggF-enriched category only the eµ+µe final state is analysed

due to the relatively low expected significance achieved by the ee+µµ sample. This

region has a large acceptance of ggF+2j events resulting in a signal purity of 3.3%, so

it adds to the sensitivity of the search in spite of the large tt̄ and W t contaminations.

The improvement in the expected significance by including the H+2j ggF-enriched

category is ∼3.8%.

Same-sign control region

In the H+0j and H+1j with different flavour final states, the Wγ(∗), Z/γ∗, WZ,

and ZZ backgrounds are currently normalised using a control region defined with

the exact selection of the signal regions, except without any subdivision in m``

or pT,sub and with the leptons required to have same sign. These backgrounds

were previously estimated from statistically-limited simulated samples. The benefit

of lowering the pT thresholds for the leptons and softening the /ET requirements

enhance the statistics of this region. The same-sign control region improves the

significance in the different flavour final states by about 4.5% due to the reduction

on luminosity and theory uncertainties.

Njets = 1 top estimate

The top background estimate in the H+1j analysis is extrapolated from a b-tagged

control region to the signal region, which has a veto on b-tagged jets. The efficiencies

of the b-jet tagging and veto requirements are now extracted from an auxiliary
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control region with exactly two jets, one or two of which must be tagged. Previously,

it was taken from simulation. The new top estimate procedure reduces the impact on

b-tagging efficiency and improves the expected significance by ∼1.2% in the different

flavour final states.

Z/DY → ττ control region

The Z/DY → ττ background in the H+1j analysis is now estimated using a control

region with Njets = 1, m`` < 80 GeV, and mττ > (mZ − 25) GeV in addition to the

signal region selection up to Z/DY → ττ veto. The collinear mass approximation

is computed using the pmiss
T because of its better resolution in the peak around

the Z mass compared with the Emiss
T measurement. Figure 7.4 compares the mττ

spectrum computed using these /ET definitions. The Njets = 0 and Njets = 1 CRs

are now both included in the profile likelihood fit as control regions for obtaining

the corresponding normalisation factors.
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Figure 7.4: Collinear approximation of the ττ invariant mass with the default
Z/DY → ττ MC simulation is shown, using the calorimeter-based (Emiss

T , red
circles) and the pmiss
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T , black triangles). The comparison is shown in the

Njets = 1 signal region after the b-veto requirement. A much stronger peak
around mZ is observed if mττ is computed using the pmiss

T definition. Hence,
the requirement on mττ < 66 GeV applied for selecting Higgs candidate events

is highly favoured by using pmiss
T magnitude.

pZT reweighting

The generated pT of Z bosons in the MC simulation is reweighted using the ratio

of Z → µµ spectrums in data and MC.
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Sherpa Z/γ∗

To improve the modelling of eµ+µe final states produced with an electron converted

from a photon, a Sherpa Z/γ∗ prediction is included in the H→WW (∗)→ `ν`ν

analysis.

Many of the above changes when applied together lead to a bigger improve-

ment to the analysis than the sum of the individual changes. For example, when

adding data in the 10 < psub
T < 15 GeV range and including the same-sign control

region the final improvements in the H→WW (∗)→ `ν`ν analysis is enhanced. This

is due to the statistical uncertainties are also lower in the same-sign control region

with the additional low-pT events.

7.2.3 Changes in the VBF-enriched Analysis

On top of the improvements described in Section 7.2.1, the following specific changes

were imposed in the H+2j VBF-enriched analysis.

/ET threshold

Extensive studies on cut optimisation were performed, as presented in Section 6.5.1.3

and 6.5.3.2. The most significant change is the decision of dropping the /ET threshold

in the eµ+µe final states. This results in 6% gain in expected significance.

Improvement on MC generators

The baseline generators for top and WW backgrounds have been changed. For

simulation of the top background the generator used currently is Powheg, instead

of the previous MC@NLO choice. Powheg tt̄ MC models dijet kinematics better

in the VBF phase space, which has been extensively studied in the top control

region. For the WW expectation the Powheg samples are replied by Sherpa

which produces up to three jets from ME. Hence, the new generator is more suitable

for WW+2jets prediction in the VBF-enriched signal region.

mjj split

For the selection-based analysis, the signal regions is further split into two mjj

regions, 600 < mjj < 1000 GeV and mjj > 1000 GeV. The split improves the

significance by 5% due to the VBF signal distribution presents longer mjj tail than

the backgrounds. This results in better signal over background ratio in the high mjj

region, which is exploited by the statistical fit procedure.
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Boosted Decision Tree method

The main change in the strategy of the H+2j VBF-enriched analysis is the intro-

duction of a boosted decision tree (BDT) method as baseline approach instead of

the previous selection-based procedure. The H+2j VBF-enriched sample is anal-

ysed using a BDT multivariate method [150–152], that considers VBF Higgs boson

production as signal and the rest of the processes as background, including ggF

Higgs boson production. The BDT method relies on the correlation among different

discriminating variables. Using BDT method for the VBF analysis brings up to 30%

improvement with respect to the optimised cut-based strategy, which is also per-

formed for cross-check purposes. More details about this method and the variables

used as input to the BDT are given in Section 7.3.2.

7.2.4 Summary

After all the improvements described above, the strategy of the H→WW (∗)→ `ν`ν

search results in five categories defined by combinations of lepton-flavour samples

and number of jets in the ggF-enriched analysis. For the H+2j VBF-enriched anal-

ysis, there are two categories differentiated by the flavour of the leptons candidates.

nj =0 nj =1 nj ≥ 2

enriched

VBF-ggF-

enriched

ee/µµee/µµ eµ

VBF-enriched

selection

Pre-

eµ

eµ (8TeV) ee/µµeµ

ggF-enriched

Figure 7.5: Analysis divisions in categories based on jet multiplicity (nj) and
lepton flavour final states (eµ and ee/µµ). Note that the different flavoured
leptons categories are denoted as eµ, which refers to the combined eµ/µe final
states. The most sensitive signal region for ggF production is H+0j category
with different flavoured leptons in the final states, while for VBF production this
corresponds to the H+2j category with eµ/µe final states. These two samples

are underlined.
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The schematic shown in Fig. 7.5 summarises the H→WW (∗)→ `ν`ν analysis

categories. The improvement in expected significance driven by the main changes

adopted in the ggF-enriched analysis with respect to the strategy described in Chap-

ter 5 are summarised in Tab. 7.1. The expected significance in the most sensitive

final state highly increases due to two pmiss
T -related improvements. The introduction

of the pmiss
T for computing the mT enhances the expected significance by 9% due

to the better resolution of this definition compared with the previously used Emiss
T .

Moreover, lowering the /ET selection in eµ+µe final states relies on 7% improvement

in the expected significance when combining Njets = 0 and Njets = 1 jet categories.

After all changes applied and the inclusion of the H+2j ggF-enriched region, the

expected significance increases up to ∼56%.

Table 7.1: Expected significance (Z0 exp) evolution throughout the main im-
provements in the H→WW (∗)→ `ν`ν search for different flavour final states in
the ggF-enriched phase space. The last two columns quote the Z0 relative dif-
ference with respect to the previous change (∆ / Prev) and with respect to the
reference value (∆ / Ref) extracted from the results presented in Chapter 5. The
two highest improvements (highlighted in bold) are related with pmiss

T benefits.
All energy and transverse momentum quantities are given in GeV.

Change in eµ+µe for ggF analysis Z0 exp (σ) ∆ / Prev (%) ∆ / Ref (%)

Reference (from Chapter 5) 2.80 - -

Change in MC samples 2.84 1.3 1.3

Dilepton Triggers and plead
T > 22 3.04 4.0 8.6

Improved W+ jets 3.15 3.6 12.5

mT based on pmiss
T 3.43 9.0 22.5

Double mT bins 3.62 5.5 29.3

psub
T > 10 3.73 3.0 33.2

Same-sign CR 3.87 3.7 38.2

pmiss
T > 20 4.23 7.0 51.1

Adding ggF+2j category 4.36 3.0 55.7

Table 7.2 quotes the improvements in the expected significance for the modi-

fications adopted in the H+2j VBF-enriched analysis. Note that the second row,

quoted as common changes, includes all the modifications described in Section 7.2.1

(dilepton triggers, lower lepton pT thresholds...). The sum of the improvements

related to the /ET optimisation studies presented in Chapter 6 enhance the ex-

pected significance by ∼14%. The BDT technique, rather than the selection-based
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approach, improves the sensitivity of the expected VBF results by 70% relative to

the previous analysis described in Chapter 5.

Table 7.2: Expected significance evolution throughout the main improvements
in the H→WW (∗)→ `ν`ν analysis for different flavour final states in the VBF-
enriched phase space. Expected significance ( Z0 exp) evolution throughout
the main improvements in the H→WW (∗)→ `ν`ν analysis for different flavour
final states in the VBF-enriched phase space. The last two columns quote the
Z0 relative difference with respect to the previous change (∆ / Prev) and with
respect to the reference value (∆ / Ref) extracted from the results presented in
Chapter 5. All energy and transverse momentum quantities are given in GeV.

Change in eµ+µe for VBF analysis Z0 exp (σ) ∆ / Prev (%) ∆ / Ref (%)

Reference (from Chapter 5) 1.31 - -

Common changes 1.56 19 19

mT based on pmiss
T 1.61 3.2 22.9

/ET cut dropped 1.66 3.1 26.7

Other pmiss
T -based variables 1.78 7.2 40.5

mjj split 1.93 8.4 47.3

BDT technique as baseline 2.23 15.5 70.2

7.3 New Selection Performance

This section summarises the new H→WW (∗)→ `ν`ν analysis selection after inclu-

ding the changes presented in Section 7.2. The final event yields in each analysis

category for the 8 TeV data are shown in Section 7.3.1 and 7.3.2 for the ggF- and

VBF-enriched regions, respectively. The BDT method used in the Higgs search for

VBF production mode is also detailed in Section 7.3.2.

7.3.1 Gluon-gluon Fusion Enriched Region

After the improvements listed in Section 7.2, the Higgs signal acceptance is increased

by 75% and 50% in the H+0j and H+1j categories, respectively, compared with

the previous analysis. The higher signal acceptance is mainly achieved by switching

from Emiss
T,Rel to pmiss

T in eµ+µe final states, and lowering the psub
T threshold to 10 GeV.

Moreover, the inclusion of the dilepton triggers, in addition to single lepton triggers,

allows reduction of the plead
T threshold to 22 GeV. Finally, the signal kinematic re-

gion in the ggF-enriched search is extended from 50 to 55 GeV, which also enhances



Chapter 7. Observation of Higgs Boson Decays to WW ∗ with ATLAS 259

the signal acceptance. The total signal acceptance, including all categories and pro-

duction modes, at 8 TeV and for a Higgs boson mass of mH = 125.36 GeV increases

by roughly a factor two, from 5.3% to 10.2%. The selection requirements for the

ggF-enriched analysis are summarised in Tab. 7.3.

Table 7.3: Event selection summary for the ggF-enriched search in the
H→WW (∗)→ `ν`ν analysis for each jet category. Selection requirements spe-
cific to eµ+µe and ee+µµ are noted as such; otherwise, they apply to both. A

dash (-) indicates no selection. All energy-related values are in GeV.

Category
ggF-enriched

Njets = 0 Njets = 1 eµ+µe: Njets ≥ 2

Pre-selection

Two isolated leptons (`= e, µ)
Leptons with opposite charge
plead

T > 22 and psub
T > 10

eµ+µe: m``> 10
ee+µµ: m``> 12 and |m`` −mZ |> 15

eµ+µe: /ET pmiss
T > 20 pmiss

T > 20 pmiss
T > 20

ee+µµ: /ET and
hadronic recoil

Emiss
T,rel> 40 Emiss

T,rel> 40 -

Emiss,track
T,Rel > 40 Emiss,track

T,Rel > 35 -

frecoil< 0.1 frecoil< 0.1 -

General selection
- Nb-jet = 0 Nb-jet = 0
|∆φ``,MET |>π/2 eµ+µe: m`

T > 50 VBF orthogonality
p``T > 30 eµ+µe: Z/DY → ττ veto Z/DY → ττ veto

H→WW (∗)→ `ν`ν
topology

m``< 55 m``< 55 m``< 55
∆φ``< 1.8 ∆φ``< 1.8 ∆φ``< 1.8
eµ+µe: split m`` and psub

T eµ+µe: split m`` and psub
T –

Fit mT Fit mT Fit mT

Table 7.4 collects the final event yields for the Higgs boson signal and back-

ground processes in the ggF-enriched region for 8 TeV data. Figure 7.6 presents the

mT distribution for the H+0j, H+1j and H+2j ggF-enriched categories using the

8 TeV data.

7.3.2 Vector Boson Fusion Enriched Region

The baseline strategy for the VBF search relies on the BDT technique instead of

the previous selection-based approach used so far. A decision tree is a collection

of cuts designed to classify events as signal-like or background-like. A given signal

event is correctly identified if it is placed in a signal-dominated leaf, and vice-versa

for background events. After the initial tree is built, another tree is grown to better

separate the signal and background events that were misidentified by the first tree.

This proceeds iteratively until there is a collection of a specified number of trees, in
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Table 7.4: ggF-enriched event yields in each category for the 8 TeV data. The
Nsig columns show the expected signal yields from the ggF and VBF production
modes. For each group separated by a horizontal line, the first line gives the
combined values for the different final states. The quoted uncertainties include
the theoretical and experimental systematic sources and those due to sample

statistics. Values less than 0.1 (0.01) events are written as 0.0 (-).

Summary Composition of Nbkg

Selection
Nobs Nbkg Nsig NWW Ntop Nmisid NVV NDY

NggF NVBF Ntt̄ Nt NWj Njj

Njets = 0 3750
3430 300 8 2250 112 195 360 16 420 78
±90 ±50 ±4 ±95 ±9 ±15 ±60 ±5 ±40 ±21

eµ 1430
1280 129 3.0 830 41 73 149 10.1 167 14
±40 ±20 ±2.1 ±34 ±3 ±6 ±29 ±3.6 ±21 ±2.4

µe 1212
1106 97 2.5 686 33 57 128 3.8 184 14
±35 ±15 ±0.6 ±29 ±3 ±5 ±31 ±1.5 ±23 ±2.4

ee+µµ 1108
1040 77 2.4 740 39 65 82 2 68 50
±40 ±15 ±1.7 ±40 ±3 ±5 ±16 ±0.5 ±7 ±21

Njets = 1 1596
1470 102 17 630 150 385 108 8.2 143 51
±40 ±26 ±5 ±50 ±10 ±20 ±20 ±3.0 ±20 ±13

eµ 621
569 45 7.4 241 58 147 51 5.7 53 13.8
±19 ±11 ±2 ±20 ±4 ±7 ±11 ±2 ±10 ±3.3

µe 508
475 35 6.1 202 45 119 37 2.3 60 9.3
±18 ±9 ±1.4 ±17 ±3 ±6 ±9 ±0.9 ±10 ±2.5

ee+µµ 467
427 22 3.6 184 46 119 19 0.2 31 28
±21 ±6 ±1.8 ±15 ±4 ±10 ±4 ±0.1 ±4 ±12

Njets ≥ 2,
1017

960 37 13 138 56 480 54 62 56 117
eµ+µe ggF ±40 ±11 ±1.4 ±28 ±5 ±40 ±25 ±22 ±18 ±21

a process known as boosting. A weighted average is taken from all these trees to

form a BDT output discriminant with values ranging between −1 and +1.

In the VBF analysis, the BDT is trained using both eµ+µe and ee+µµ ca-

tegories. Training with all lepton flavour channels combined improves the perfor-

mance because it makes use of the full statistical power of the training samples.

The BDT is trained without events with sub-leading lepton pT in the lowest range

10 < psub
T < 15 GeV, but applied to all events with psub

T > 10 GeV when fitting

to the BDT output. Including low-pT events in training brought solely marginal

gain in expected sensitivity (∼0.8%, statistical uncertainty only), but would have

required re-computing VBF-specific theory uncertainties. Furthermore, the same

BDT trained with 8 TeV MC are used in the 7 TeV data re-analysis. In the VBF

analysis the baseline approach uses as input 8 variables to the BDT technique. To

determine the optimal number of variables, a grid scan is performed by using the

ratio S/
√
B as figure of merit and employing an N−1 minimal loss variable pruning
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Figure 7.6: Distributions of the transverse mass, mT, for the Njets ≤ 1 and
Njets ≥ 2 ggF-enriched categories in the 8 TeV data analysis. The plots are made
after requiring all selections up to mT (see Tab. 7.3). See Fig. 7.1 for plotting

details.

procedure. This starts with a BDT trained with a maximal set of potentially useful

discriminating variables. Then, one variable at a time is removed to evaluate the

performance of the (N − 1)-variable BDT based on the above figure of merit. The

best performing (N − 1)-variable BDT is selected as the new benchmark and the

last two steps are iterated until the performance drops significantly.

Before the BDT training, a few requirements are applied. These are common

requirements for the BDT, as well as for the VBF selection-based analysis. The

latter is also performed as a cross-check of the BDT results. The set of common

cuts include pre-selection thresholds, same as for the ggF-enriched categories; the

optimised /ET selection which only concerns the ee+µµ category, following the re-

sults presented in Chapter 6, and a general selection vetoing events with b-tagged

jets or with a reconstructed mττ consistent with the Z mass peak. Up to here,



262 Chapter 7. Observation of Higgs Boson Decays to WW ∗ with ATLAS

the requirements mimic the same structure of the analysis for the VBF-enriched

category described in Chapter 5 but including optimised definitions and threshold

values. After this selection, a set of VBF topological requirements are also applied

to passing events before they enter to the BDT. The VBF process is characterised

by the kinematics of the pair of tagged jets and the activity in the rapidity gap

between them. With respect to the former, the invariant mass of the tagging jets

and their rapidity gap separation are inputs to the BDT. For the cross-check analy-

sis, |∆yjj | > 3.6 and mjj > 600 GeV are required. For the latter, the population in

the central region defined by the two tagged jets is exploited. There is a relatively

low level of hadronic activity expected for VBF signal since weak bosons do not

exchange colour. The number of extra jets in this gap quantifies such activity, so

requiring the absence of jets in this region suppresses processes where the jets are

produced via QCD radiation. On the other hand, the Higgs boson decay products

tend to be in this central region because of the high boost transferred to them. In

this light, the VBF topological requirements include an outside lepton and a central

jet vetoes. Those are now expressed in terms of jet (and lepton) centrality, defined

as follows,

Cj3 =

∣∣∣∣ηj3 − ∑ ηjj
2

∣∣∣∣ / ∆ηjj
2

, (7.1)

where ηj3 is the pseudorapidity of an extra well-reconstructed jet,
∑
ηjj = ηj1 + ηj2

and ∆ηjj =
∣∣ηj1 − ηj2

∣∣. The value of Cj3 increases from zero (when ηj3 is centered

between the tagged jets), to unity (when ηj3 is aligned in η with either of the tagged

jets), and it is greater than unity when |ηj3| > |ηj1 or |ηj3| > |ηj2. In light of this,

the centrality of any extra jet in the event is required to be Cj3 > 1. The centrality

of a given lepton with respect to the tagged jets (C`) is defined similarly to Eq. 7.1.

A requirement of C` < 1 is applied to each lepton in both BDT and cross-check

analyses and the sum of lepton centralities, defined as,

∑
C` = C`1 + C`2 , (7.2)

is used as input to the BDT.

Aiming to further reduce top quark pair production, which is frequently

accompanied by QCD radiation, the analysis uses the summed transverse momen-

tum vector ( ~pT
sum) of the final-state objects. This is defined as follows,

~pT
sum = # »pT

`` + # »pT
miss +

∑
# »pT

j , (7.3)
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where
∑

~pT
j is the sum of the transverse momenta of all jets in the event.

The ~pT
sum magnitude is used as input to the BDT and is required to be

psum
T < 15 GeV in the cross-check analysis. Finally, the sum of the four combinations

of lepton-jet invariant mass,

∑
m`j = m`1,j1 + m`1,j2 + m`2,j1 + m`2,j2 , (7.4)

is also used as an input to the BDT. Since in the VBF topology tagged jets are more

forward whereas the leptons tend to be more central, the
∑
m`j distributions for the

VBF signal and SM background process show differences in shape. The other BDT

input variables are those related to the H→WW (∗)→ `ν`ν decay topology: m``,

∆φ`` and mT, which are also used in the ggF-enriched analysis. The cross-check

analysis requires ∆φ`` < 1.8(2.8), for psub
T > (<)15 GeV, and m`` < 50 GeV.

Table 7.5 shows the selection requirements for both analysis, as well as the

input variables to the BDT. The BDT output is known as BDT score (OBDT) and

it is used in the statistical fit procedure. The binning of the OBDT distribution has

been optimised to maximise the expected significance while keeping reasonable MC

statistics in each bin, as it is the case for the ggF-analysis. The chosen configuration

is four bins with boundaries at [−0.48, 0.3, 0.78] over the range of [−1, 1] in the

BDT score. The bin with the lowest BDT score contains the majority of background

(> 90%) and thus substantially smaller signal-to-background ratio. In light of this,

this bin is vetoed for the BDT and cross-check analyses, as shown in Tab. 7.5.

Table 7.6 collects the final event yields for the Higgs boson signal and back-

ground processes in the VBF-enriched region for 8 TeV data using BDT technique.

The total signal contribution to the final candidates when only considering the VBF

production mode is ∼16%. Distributions in Fig. 7.7 show the OBDT outputs in the

eµ+µe and ee+µµ final states. In terms of VBF signal production, the third BDT

bin provides the highest purity, with a signal-to-background ratio of approximately

two. The mT magnitude is an input to the BDT and the corresponding distributions

after the BDT classification are also shown combining all three BDT bins.

7.4 Final Results in H→WW (∗)→ `ν`ν Search

In this section, the observation of the inclusive Higgs boson signal and evidence for

the VBF production mode are stablished first. Following that, the excess in data

is characterised using the SM Higgs boson as the signal hypothesis. Results include

the inclusive signal strength as well as those for the individual ggF and VBF modes.
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Table 7.5: Event selection summary for the VBF-enriched search using
Njets ≥ 2. Selection requirements specific to eµ+µe and ee+µµ are noted as
such; otherwise, they apply to both. The variables used as inputs to the BDT
are noted as such. A dash (-) indicates no selection. All energy-related values

are given in GeV.

Category
VBF-enriched: Njets ≥ 2

Cut-based analysis BDT analysis

Pre-selection

Two isolated leptons (`= e, µ)
Leptons with opposite charge
Leptons with plead

T > 22 and psub
T > 10

eµ+µe: m``> 10
ee+µµ: m``> 12, |m`` −mZ |> 15

/ET requirement
eµ+µe: No requirement
ee+µµ: Emiss

T > 45 and pmiss
T > 45

General selection
Nb-jet = 0
eµ+µe : Z/DY → ττ veto

VBF topology

C`1 < 1 and C`2 < 1

Cj3 > 1 for j3 with pj3T > 20
OBDT ≥ −0.48

psum
T < 15 Input 1 to BDT∑
C` not used Input 2 to BDT

|∆yjj | > 3.6 Input 3 to BDT
mjj > 600 Input 4 to BDT

H→WW (∗)→ `ν`ν
topology

m`` < 50 Input 5 to BDT
∆φ`` < 1.8 (psub

T > 15)
Input 6 to BDT

∆φ`` < 2.8 (psub
T < 15)

mT split Input 7 to BDT

BDT-specific
∑
m`j not used Input 8 to BDT

Figure 7.8 presents the transverse mass distribution at the end of the event

selection combining the 2011 and 2012 data samples in all flavour final states with

Njets ≤ 1. A clear excess of ∼ 500 data events over the expected background is

observed. The excess agrees well within the expectation of the signal from a SM

Higgs boson with mH = 125 GeV. The profile likelihood fit is used to search for a

signal and to characterise the production rate in the ggF and VBF production modes.

In the following, all results are quoted for a Higgs boson mass corresponding to the

central value of the ATLAS measurement in the ZZ → 4` and γγ decay modes,

mH = 125.36± 0.41 GeV [153].
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Table 7.6: VBF-enriched post-fit yields in each category for the 8 TeV data. The
Nsig columns show the expected signal yields from the ggF and VBF production
modes, with values scaled to the observed combined signal strength (see Sec. 7.4).
The first line gives the combined values for the different BDT bins and final
lepton states. The quoted uncertainties include the theoretical and experimental
systematic sources and those due to sample statistics. Values less than 0.01

events are written as −.

Summary Composition of Nbkg

Selection
Nobs Nbkg Nsig NWW Ntop Nmisid NVV NDY

NggF NVBF Ntt̄ Nt NWj Njj

Njets ≥ 2,
130

99 7.7 21 11 5.5 29 4.7 2.8 4.4 38
VBF ±9 ±2.6 ±3 ±3.5 ±0.7 ±5 ±1.4 ±1.0 ±0.9 ±7

eµ+µe bin 1 37
36 3.3 4.9 5.0 3.0 15.6 3.2 2.3 2.3 3.6
±4 ±1.2 ±0.5 ±1.5 ±0.6 ±2.6 ±1.0 ±0.8 ±0.7 ±1.5

eµ+µe bin 2 14
6.5 1.4 4.9 1.7 0.3 2.0 0.4 0.3 0.7 0.6
±1.3 ±0.5 ±0.5 ±0.7 ±0.4 ±1.0 ±0.1 ±0.1 ±0.2 ±0.2

eµ+µe bin 3 6
1.2 0.4 3.8 0.3 0.1 0.3 − − 0.1 0.2
±0.3 ±0.3 ±0.7 ±0.1 ±0.0 ±0.1 − − ±0.0 ±0.1

ee+µµ bin 1 53
46 1.7 2.6 3.1 1.7 10.1 0.9 0.2 1.0 28
±6 ±0.6 ±0.3 ±1.0 ±0.3 ±1.6 ±0.2 ±0.1 ±0.3 ±5

ee+µµ bin 2 14
8.4 0.7 3.0 0.9 0.3 1.2 0.2 − 0.3 5.2
±1.8 ±0.3 ±0.4 ±0.3 ±0.2 ±0.5 ±0.1 − ±0.1 ±1.7

ee+µµ bin 3 6
1.1 0.2 2.1 0.1 0.1 0.2 − − − 0.5
±0.4 ±0.2 ±0.4 ±0.1 ±0.0 ±0.1 − − − ±0.3

7.4.1 Observation of the H→WW (∗)→ `ν`ν Decay Mode

The statistic test qµ, as defined in Section 5.11, is used to quantify the significance of

the excess of events observed in Fig. 7.8. The observed and expected p0 are shown

as a function of mH in Fig. 7.9. The observed curve presents a broad minimum

centered around mH = 130 GeV, in contrast with the higher p0-values observed for

the lower and higher values of mH. The shapes of the observed and expected curves

are in good agreement.

The probability p0 can equivalently be expressed in terms of the number of

standard deviations Z0. The observed local significance for a SM Higgs boson signal

with mH = 125.36 GeV is 6.1 σ. The expected significance for a SM Higgs boson

at the same mass is 5.8 σ. This result establishes the discovery for the SM Higgs

boson signal in the H→WW (∗)→ `ν`ν channel alone.

In order to assess the compatibility with the SM expectation for a Higgs

boson of mass mH, the observed best-fit µ̂ values as a function of mH are shown

in Fig. 7.10. The observed µ̂ is close to zero for mH > 160 GeV and crosses unity

around mH = 125 GeV.
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Figure 7.7: Post-fit BDT and transverse mass distributions in the Njets ≥ 2
VBF-enriched category in the 8 TeV analysis: (a) BDT output in eµ+µe, (b)
mT in eµ+µe, (c) BDT output in ee+µµ, and mT in ee+µµ. For (b) and (d),

the three BDT bins are combined. See Fig. 7.1 for plotting details.

Figure 7.11 shows the two-dimensional likelihood contours of (mH, µ). The

value (mH = 125.36 GeV, µ = 1) lies well within the 68% C.L. contour. It evidences

that the observed signal is compatible with those in the high-resolution channels.

7.4.2 Evidence for VBF Production

The H+2j VBF-enriched signal region was optimised for its specific sensitivity to

the VBF production process, as described in Sec. 7.3.2. Nevertheless, as can be

seen in Table 7.6, the ggF contribution to the VBF-enriched signal region is not

negligible, approximately 30%, so it has to be profiled by the global fit together

with the extraction of the significance of the signal strength of the VBF production

process.

The global likelihood can be evaluated as a function of the ratio µVBF/µggF,

with both signal strengths varied independently. The significance derived from

testing the ratio µVBF/µggF = 0 is equivalent to the significance of testing µVBF = 0,

though testing the ratio is advantageous since the branching fraction cancels in

µVBF/µggF, while it is implicit in µVBF. The result is illustrated in Fig. 7.12, which
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Figure 7.8: Post-fit combined transverse mass distribution for Njets ≤ 1 for
all lepton-flavour samples in 7 and 8 TeV data analyses. The plot in (b) shows
the residuals of the data with respect to the estimated background compared
to the expected distribution for a SM Higgs boson with mH = 125 GeV. The
error bars on the data are statistical,

√
Nobs. The uncertainty on the background

(shown as the shaded band around 0) is up to about 25 events per mT bin and
partially correlated between bins. Background processes are scaled by post-fit
normalisation factors and the signal processes by the observed signal strength µ
from the likelihood fit to all regions. Their normalisations also include effects

from the pulls of the nuisance parameters.

has a best-fit value for the ratio of,

µVBF

µggF
= 1.26 +0.61

−0.45 (stat.) +0.50
−0.26 (syst.) = 1.26 +0.79

−0.53 . (7.5)
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represents the one (two) [three] standard deviation uncertainty around the central

value represented by the vertical line.

The value of the likelihood at µVBF/µggF = 0 can be interpreted as the ob-

served significance of the VBF production process for mH = 125.36 GeV, and corres-

ponds to 3.2 σ. The expected significance for the quoted mass is 2.7 σ. This result



270 Chapter 7. Observation of Higgs Boson Decays to WW ∗ with ATLAS

establishes the evidence for the VBF production mode in the H→WW (∗)→ `ν`ν

final state.

This result was verified with the cross-check analysis. The expected and

observed significances at mH = 125.36 GeV are 2.1 σ and 3.0 σ, respectively. The

probability that the difference in Z0 values, obtained with the cross-check analysis,

is larger than the one observed is 79%, reflecting good agreement.

7.4.3 Signal Strength µ

The parameter µ is used to characterise the inclusive Higgs boson signal strength as

well as subsets of the signal regions or individual production modes. First, the ggF

and VBF processes can be distinguished by using the normalisation parameter µggF

for the signal predicted for the ggF signal process, and µVBF for the signal predicted

for the VBF signal process. This can be done for a fit to any set of the signal

regions in the various categories. In addition, to check that the measured value is

consistent among categories, different subsets of the signal regions can be fit. For

example, the H+0j and H+1j categories can be compared, or the eµ+µe and ee+µµ

categories. To derive these results, only the signal regions are separated; the control

region definitions do not change. In particular, the control regions defined using

only eµ+µe events are used, even when only ee+µµ signal regions are considered.

7.4.3.1 Combined Signal Strength

The combined Higgs signal strength µ, including 7 and 8 TeV data and all signal

region categories, is:

µ = 1.09 +0.16
−0.15 (stat.) +0.08

−0.07

(
expt.

syst.

)
+0.15
−0.12

(
theo.

syst.

)
±0.03

(
lumi.

syst.

)
= 1.09 +0.16

−0.15 (stat.) +0.17
−0.14 (syst.)

= 1.09 +0.23
−0.21.

(7.6)

The expected value of µ is 1 +0.16
−0.15 (stat.) +0.17

−0.13 (syst.).

The uncertainties are divided according to their source. The statistical uncer-

tainty accounts for the number of observed events in the signal regions and profiled

control regions. The statistical uncertainties from MC simulated samples, from

non-profiled control regions, and from the extrapolation factors used in the W+ jets

background estimate are all included in the experimental uncertainties here and

for all results in this section. The theoretical uncertainty includes uncertainties on
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the signal acceptance and cross section as well as theoretical uncertainties on the

background extrapolation factors and normalisations.

7.4.3.2 Signal Strength in Each Category

In order to check the compatibility with the SM predictions of the ggF and VBF

production processes, µggF and µVBF can be simultaneously determined through

a fit to all categories because of the different sensitivity to these processes in the

various categories. In this fit, the VH contribution is included although there is no

dedicated category for it, and the SM value for the ratio σVBF/σVH is assumed. The

VH production process contributes a small number of events, amounting to about

1% of the expected signal from the VBF process. It is included in the predicted

signal yield, and where relevant, is grouped with the VBF signal. Technically, the

signal strength µVBF+VH is measured, but for sake of simplicity, the notation µVBF

is used.
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Figure 7.13: Likelihood scan as a function of µggF and µVBF. The best-fit
observed (expected SM) value is represented by the cross symbol (open circle)
and its one, two, and three standard deviation contours are shown by solid lines
surrounding the filled areas (dotted lines). The x- and y-axis scales are the same

to visually highlight the relative sensitivity.

The signal strength results are shown in Table 7.7 for mH = 126.36 GeV.

The table includes inclusive results as well as results for individual categories and
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production modes. The expected and observed significance for each category and

production mode is also shown.

Table 7.7: Signal significance Z0 and signal strength µ. The expected (Exp)
and observed (Obs) values are given; µexp is unity by assumption. For each group
separated by a horizontal line, the first row gives the combined result. The total
errors are quoted including the statistical and systematic sources and they are
explicitly given for each observed Z0 values. The first three set of values report
the results for the inclusive search and when considering ggF and VBF production
modes separately. All the quoted results are given assuming mH = 125.36 GeV.

Signal significance Observed uncertainty Observed

Sample Exp. Obs. Stat. err. Syst. err. central value
Z0 Z0 + − + − µobs

All Njets, signal 5.76+0.23
−0.20 6.06+0.23

−0.21 0.16 0.15 0.17 0.14 1.09+0.23
−0.21

ggF as signal 4.34+0.30
−0.24 4.28+0.29

−0.26 0.19 0.19 0.22 0.18 1.02+0.29
−0.26

VBF as signal 2.67+0.50
−0.43 3.24+0.53

−0.45 0.44 0.40 0.30 0.21 1.27+0.53
−0.45

H+0j 3.70+0.35
−0.30 4.08+0.37

−0.32 0.22 0.22 0.30 0.23 1.15+0.37
−0.32

eµ 2.89+0.41
−0.36 3.07+0.43

−0.38 0.30 0.29 0.32 0.24 1.08+0.43
−0.38

µe 2.36+0.49
−0.44 3.12+0.54

−0.48 0.38 0.37 0.39 0.30 1.40+0.54
−0.48

ee+µµ 1.43+0.74
−0.70 0.71+0.68

−0.66 0.45 0.44 0.51 0.50 0.47+0.68
−0.66

H+1j 2.60+0.51
−0.41 2.49+0.50

−0.41 0.33 0.32 0.38 0.26 0.96+0.50
−0.41

eµ+µe 2.56+0.51
−0.42 2.83+0.56

−0.45 0.35 0.35 0.43 0.29 1.16+0.56
−0.45

ee+µµ 1.02+1.12
−0.98 0.21+1.02

−0.97 0.80 0.76 0.63 0.61 0.19+1.02
−0.97

H+2j, ggF, eµ 1.21+0.96
−0.83 1.44+0.91

−0.84 0.70 0.68 0.70 0.49 1.20+0.99
−0.84

H+2j, VBF 3.38+0.42
−0.36 3.84+0.45

−0.38 0.36 0.33 0.27 0.19 1.20+0.45
−0.38

eµ+µe 3.01+0.48
−0.40 3.02+0.47

−0.39 0.40 0.35 0.24 0.16 0.98+0.47
−0.39

ee+µµ 1.58+0.84
−0.67 2.96+0.97

−0.78 0.83 0.71 0.51 0.33 1.98+0.97
−0.78

The µ values are consistent with each other and with unity within the assigned

uncertainties. In addition to provide a consistency check, these results illustrate the

sensitivity of the different categories. For the overall signal strength, the contribution

from the H+2j VBF-enriched category is second after the H+0j ggF category, and

the H+2j ggF-enriched contribution is comparable to those in the Njets ≤ 1 ee+µµ

categories. In all of these results, the signal acceptance for all production modes is

evaluated assuming a SM Higgs boson.
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7.4.4 Higgs Couplings to Fermions and Vector Bosons

The values of µggF and µVBF can be used to test the compatibility of the fermionic

and bosonic couplings of the Higgs boson with the SM prediction using a framework

motivated by the leading-order interactions [25]. The parametrisation uses the scale

factors applied to all fermionic couplings (κF ), and applied to all bosonic couplings

(κV ). These parameters are unity for the SM.

In particular, the ggF production cross section is proportional to κ2
F through

the top-quark or bottom-quark loops at the production vertex, and the VBF pro-

duction cross section is proportional to κ2
V . The branching fraction BH→WW∗ is

proportional to κ2
V and inversely proportional to a linear combination of κ2

F and

κ2
V . This model assumes that there are no non-SM decay modes, so the denomi-

nator corresponds to the total decay width in terms of the fermionic and bosonic

decay amplitudes. The formulae, following Ref. [25], are

µggF ∝ κ2
F · κ2

V

(BH→ ff̄ + BH→ gg)κ2
F + (BH→ V V )κ2

V

µVBF ∝ κ4
V

(BH→ ff̄ + BH→ gg) κ
2
F + (BH→ V V )κ2

V

.

(7.7)

The small contribution from BH→ gg depends on both κF and κV and is not expli-

citly shown. Because (BH→ ff̄ + BH→ gg) ≈ 0.75, κ2
F is the dominant component

of the denominator for κ2
F ≤ 3κ2

V . As a result, the κ2
F dependence for the ggF

process approximately cancels, but the rate remains sensitive to κV . Similarly, the

VBF rate scales approximately with κ4
V /κ

2
F and the VBF channel provides more

sensitivity to κF than the ggF channel does in this model. Because Eq. 7.7 contains

only κ2
F and κ2

V , this channel is not sensitive to the sign of κF or κV .

The likelihood scan as a function of κV and κF is shown in Fig. 7.14. Both

the observed and expected contours are shown, and are in good agreement. The

relatively low discrimination among high values of κF in the plot is due to the

functional behaviour of the total ggF yield. The product σggF · B does not depend

on κF in the limit where κF � κV , so the sensitivity at high κF values is driven by

the value of µVBF. The VBF process rapidly vanishes in the limit where κF � κV

due to the increase of the Higgs boson total width and the consequent reduction of

the branching fraction to WW bosons. Therefore, within this framework, excluding

µVBF = 0 excludes κF � κV .
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The best fit values are,

κF = 0.93 +0.24
−0.18

+0.21
−0.14 = 0.93 +0.32

−0.23

κV = 1.04 +0.07
−0.08

+0.07
−0.08 = 1.04 ± 0.11 ,

(stat.) (syst.)

(7.8)

and their correlation is ρ = 0.47. The correlation is derived from the covariance

matrix constructed from the second-order mixed partial derivatives of the likelihood,

evaluated at the best-fit values of κF and κV .

7.4.5 Higgs Production Cross Section

The measured signal strength can be used to evaluate the product σ · BH→WW∗ for

Higgs boson production at mH = 125.36 GeV, as well as for the individual ggF and

VBF production modes. The central value is simply the product of µ and the pre-

dicted cross section used to define it. The uncertainties are similarly scaled, except

for the theoretical uncertainties related to the total production yield, which do not

apply to this measurement. These are the QCD scale and PDF uncertainties on the

total cross sections, and the uncertainty on the branching fraction for H → WW ∗.
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In practice, the corresponding nuisance parameters are fixed to their nominal

values in the fit, effectively removing these uncertainties from consideration. Inclu-

sive cross section measurements are performed for ggF and VBF production. The

cross section is also measured for ggF production in defined fiducial volumes. This

approach minimises the impact of theoretical uncertainties.

7.4.5.1 Inclusive cross sections

Inclusive cross sections are evaluated at both 7 and 8 TeV for the ggF production

process and at 8 TeV for the VBF production process. The 7 TeV VBF cross section

is not measured because of the large statistical uncertainty. The signal strengths

used for ggF and VBF are determined through a simultaneous fit to all categories,

as described in Sec. 7.4.3. The small VH contribution, corresponding to 0.9%, is

neglected, and its expected fractional yield is added linearly to the total error. The

7 TeV signal strength (µ7 TeV
ggF ) and 8 TeV signal strengths (µ8 TeV

ggF and µ8 TeV
VBF ) are,

µ7 TeV
ggF = 0.57 +0.52

−0.51
+0.36
−0.34

+0.14
−0.004

µ8 TeV
ggF = 1.09 ±0.20 +0.19

−0.17
+0.14
−0.09

µ8 TeV
VBF = 1.45 +0.48

−0.44
+0.38
−0.24

+0.11
−0.06

(stat.) (syst.) (sig.)

(7.9)

where (sig.) indicates the systematic uncertainties on the total signal yield for the

measured process, which does not affect the cross section measurement. The effect

of uncertainties on the signal yield for other production modes is included in the

systematic uncertainties. In terms of the measured signal strength, the inclusive

cross section is defined as

(
σ ·BH→WW∗

)
obs

=
(Nsig)obs

A · C ·BWW→`ν`ν
· 1∫

Ldt

= µ̂ · (σ ·BH→WW∗)exp .

(7.10)

In Eq. 7.10, A is the kinematic and geometric acceptance, and C is the ratio of the

number of measured events to the number of events produced in the fiducial phase

space of the detector. The product A× C is the total acceptance for reconstructed

events.
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The cross sections are measured using the last line of the equation, and the

results are,

σ7 TeV
ggF · BH→WW∗ = 2.0 ±1.7 +1.2

−1.1 = 2.0 +2.1
−2.0 pb

σ8 TeV
ggF · BH→WW∗ = 4.6 ±0.9 +0.8

−0.7 = 4.6 +1.2
−1.1 pb

σ8 TeV
VBF · BH→WW∗ = 0.51 +0.17

−0.15
+0.13
−0.08 = 0.51 +0.22

−0.17 pb .

(stat.) (syst.)

(7.11)

The predicted cross section values are 3.3 ± 0.4 pb, 4.2 ± 0.5 pb, and 0.35 ± 0.02 pb,

respectively.

7.4.5.2 Fiducial cross sections

Fiducial cross section measurements enable comparisons to theoretical predictions

with minimal assumptions about the kinematics of the signal and possible associated

jets in the event. The cross sections described here are for events produced within

a fiducial volume closely corresponding to a ggF signal region.

The measured fiducial cross section is defined as follows,

σfid =
(Nsig)obs

C
· 1∫

Ldt

= µ̂ · (σ ·BH→WW∗→eνµν)exp ·A,

(7.12)

with the multiplicative factor A being the sole difference with respect to the inclusive

cross section calculation. The measured fiducial cross section is not affected by the

theoretical uncertainties on the total signal yield nor by the theoretical uncertainties

on the signal acceptance. The total uncertainty is reduced compared to the value

for the inclusive cross section because the measured signal yield is not extrapolated

to the total phase space.

The correction factors for H+0j and H+1j events, CggF
0j and C

ggF
1j , are evalu-

ated using the standard signal MC sample. According to the simulation, the fraction

of measured signal events within the fiducial volume is 85% for Njets = 0 and 63%

for Njets = 1.

The values of the correction factors are,

C
ggF
0j = 0.507± 0.027

C
ggF
1j = 0.506± 0.022.

(7.13)
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The experimental systematic uncertainty is approximately 5%. Remaining theo-

retical uncertainties on the CggF values are found to be approximately 2% and are

neglected. The acceptance of the fiducial volume is,

A
ggF
0j = 0.206± 0.030

A
ggF
1j = 0.075± 0.017 .

(7.14)

The uncertainties on the acceptance are purely theoretical in origin and the largest

contributions are from the effect of the QCD scale on the jet multiplicity require-

ments.

The cross section values are computed by fitting the µ values in the Njets ≤ 1

categories. The VBF contribution is subtracted assuming the expected yield from

the SM instead of using the simultaneous fit to the VBF signal regions as is done

for the inclusive cross sections. The non-negligible ggF yield in the VBF categories

would require an assumption on the ggF acceptance for different jet multiplicities,

whereas the fiducial cross section measurement is intended to avoid this type of

assumption. The effect of the theoretical uncertainties on the VBF signal yield is

included in the systematic uncertainties on the cross sections. The obtained signal

strengths are,

µggF
0j,eµ = 1.39 ±0.27 +0.21

−0.19
+0.27
−0.17

µggF
1j,eµ = 1.14 +0.42

−0.41
+0.27
−0.26

+0.42
−0.17

(stat.) (syst.) (sig.)

(7.15)

where (sig.) indicates the systematic uncertainties on the signal yield and acceptance,

which do not apply to the fiducial cross section measurements. The corresponding

cross sections, evaluated at mH = 125.36 GeV and using the 8 TeV data, are,

σggF
fid,0j = 27.6 +5.4

−5.3
+4.1
−3.9 = 27.6 +6.8

−6.6 fb

σggF
fid,1j = 8.3 +3.1

−3.0
+3.1
−3.0 = 8.3 +3.7

−3.5 fb .

(stat.) (syst.)

(7.16)

The predicted values are 19.9± 3.3 fb and 7.3± 1.8 fb, respectively.

7.5 Conclusions

The results summarised in this chapter report the observation of Higgs boson decays

to WW ∗ based on an excess over background of 6.1 σ in the dilepton final state,

for which the SM expectation is 5.8 σ. Evidence of the VBF production mode is
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obtained with a significance of 3.2 σ. The results are obtained from a data sample

corresponding to an integrated luminosity of 25 fb−1 from
√
s = 7 and 8 TeV proton-

proton collisions recorded by the ATLAS detector at the LHC. For a Higgs boson

mass of 125.36 GeV, the ratio of the measured value to the expected value of the

total production cross section times branching ratio is 1.09 +0.16
−0.15 (stat.) +0.17

−0.14(syst.).

The corresponding signal strengths for the ggF and VBF production mechanisms

are 1.02 ± 0.19 (stat.) +0.22
−0.18(syst.) and 1.27 +0.44

−0.40 (stat.) +0.21
−0.30(syst.), respectively.



Chapter 8

Conclusions

This thesis presents a wide range of studies that go from energy reconstruction at the

cell level in TileCal performance reconstruction of the /ET measurement in ATLAS,

and finishing with the discovery of the Higgs boson decaying into a pair of W bosons.

The reconstruction of the energy, as well as the time, in the TileCal cells

is provided by the OF algorithm. These measurements are the inputs for object

reconstruction algorithms which base their logic on the signal over noise ratio. In

this light, the determination of the cell noise is crucial for an accurate event recons-

truction in ATLAS. The impact of the TileCal noise constants has been evaluated

through the performance of topoclusters since they clearly allow to identify anoma-

lies in the TileCal noise. The results show the evidence of a coherent source of

noise which is not properly described by the One-Gaussian approach used so far.

This effect produces larger and wider structures for topoclusters in the first ATLAS

data collected during 2008 and 2009 compared with the expectations from MC. The

results motivated a new description of the TileCal noise constants using a Two-

Gaussian method instead. The improvement using the Two-Gaussian description

reduces the number of large topoclusters by a factor ∼10 in randomly triggered

ATLAS events. The better description of the noise reduces the discrepancies bet-

ween data and simulation as well. During these investigations, there were also found

extremely energetic areas in TileCal. These hot spots are mainly originated by cells,

probably affected by electronic damage, which poorly reconstruct the energy of the

genuine signal. Bad cells producing hot spots were identified and properly treated

at the detector operation level in order to ensure the quality of TileCal reconstruc-

tion. In addition to the improvements on topoclusters, the Two-Gaussian method

also leads to a better missing transverse momentum measurement. The RMS of the

279
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spectrum in data is reduced by a factor 2 and the contribution on the tails highly de-

creases from 16% to 0.1%. All these results confirm and validate the Two-Gaussian

description of the TileCal noise which has been used for the whole Run I ATLAS

data reconstruction.

The /ET measurement relies on the momentum conservation law in the trans-

verse plane to the beam axis. For a specific process, this measures the unbalanced

transverse momentum from all the particles in the final state, so it is sensitive to

the presence of undetectable particles, such as neutrinos. The results on the per-

formance for the different /ET reconstructions developed in ATLAS are crucial as

this measurement plays an important role in many analysis searches. The energetic

measurements from the particles produced in the LHC collisions are taken from

the ATLAS calorimetric system in the Emiss
T measurement. The Emiss

T measurement

depends on the number of pile-up interactions since their final products may also de-

posit energy in the calorimeters. These extra energetic contributions are included in

the Emiss
T computation degrading the genuine measurement. The increasing pile-up

environment at the LHC during 2012 motivated investigations on new approaches

for improving the /ET reconstruction in ATLAS. Two pile-up suppressed alterna-

tives based on track information and vertex association were developed: Emiss, STVF
T

and Emiss,track
T , respectively. The former follows the calorimeter-based approach

of the Emiss
T but scaling down the soft term and rejecting pile-up jets. The latter

relies on the energy measured from well reconstructed tracks in the inner detec-

tor which are associated to the primary vertex of the event. The performance of

the several approaches based on the object information to build the unbalanced

transverse momentum have been evaluated in terms of resolution, scale and linear-

ity. Results show that besides the better stability against pile-up of the Emiss, STVF
T

and Emiss,track
T reconstructions, these approaches come with new features. For the

Emiss, STVF
T , the poor modelling of tracks coming from pile-up interactions produces

an under-calibrated soft term in MC. This results in discrepancies between data

and simulation, specially in events without jets. In events with jets, the Emiss
T

and Emiss, STVF
T perform very similar because the dominant component is the jet

term. The Emiss,track
T measurement is very robust against extra interactions since

only tracks associated to the vertex of the hardest process are included. However,

limited ID coverage and missing high-pT neutral particles lead to large degrada-

tion in the Emiss,track
T linearity and scale, specially in event topologies with high jet

activity. Due to the variety on /ET reconstructions and their behaviours depend-

ing on the event topology, the optimal measurement may be different based on the

characteristics of the physics process to study.
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The second part of the thesis describes the strategy of the H→WW (∗)→ `ν`ν

analysis and reports the results using the complete ATLAS Run I data. This corres-

ponds to about 25 fb−1 at
√
s= 7 and 8 TeV collected with the ATLAS detector at

the LHC. The Higgs boson decaying into a pair of W bosons benefits from a larger

BR compared with other final states for a wide range of the Higgs boson mass.

This makes the H→WW (∗)→ `ν`ν analysis one of the most important channels

for the Higgs boson search. However, this analysis suffers from high background

contamination, which difficulties the distinction between the Higgs boson signal and

other processes that may have the same reconstructed final state. In addition, the

analysis is not sensitive to the Higgs boson mass due to the presence of the two

neutrinos coming from the W bosons. These two facts define the strategy of the

H→WW (∗)→ `ν`ν analysis. The selection criteria should find an optimal compro-

mise to be hard enough for rejecting as many background contributions as possible

and, at the same time, soft enough for still keeping the Higgs boson signal. The anal-

ysis selects events with exactly two high-pT well reconstructed leptons (electrons or

muons) oppositely charged and with /ET measurement originated by the final neutri-

nos. In order to deal with different background contributions the events are divided

by the number of jets as well as by the flavour of the two leptons. This separation al-

lows to adequate the selection since the background composition is different in each

category. In general, final states with same flavour leptons are mostly populated by

Z/γ∗ background while events with different flavoured leptons are mainly originated

by top quark processes. For the former, the analysis applies a combined requirement

using several /ET reconstructions in order to further suppress Z/γ∗ contributions, for

which non genuine /ET measurement is expected. The latter vetoes jets which are

considered as produced by a b quark from reconstruction algorithms. In addition,

the division on the jet multiplicity also allows to distinguish Higgs candidates as

originated by gluon-gluon fusion (with zero or up to one jet) or vector boson fusion

(at least two jets) production mechanisms. This distinction leads to better separate

Higgs signal from the remaining backgrounds in each case by exploiting the differ-

ences in dilepton kinematics and, when relevant, in jet based magnitudes. After all

selection is applied, the transverse mass of the dilepton system and the /ET of the

Higgs candidate events is used as final discriminants in a statistical test. Given the

importance of simulating all background processes correctly, the analysis builds dif-

ferent control regions to check the agreement between data and MC. The differences

in the control regions are also inputs to the statistical procedure. This ensures that

the likelihood fit includes them properly as associated uncertainties in the final re-

sults. The first results of the H→WW (∗)→ `ν`ν analysis showed an excess of events
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over the expected background observed for mH = 125 GeV with a signal significance

of 3.8 σ, for which the expectation is 3.7 σ. The best fit signal strength at that mass

is µ= 1.01± 0.31. The expected VBF signal significance at mH = 125 GeV is 1.6 σ

and the observation results in 2.5 σ. The first H→WW (∗)→ `ν`ν results are consis-

tent with the measurements from the H → γγ and H → ZZ → 4` searches. All

ATLAS measurements from Higgs decaying into boson pair searches are combined

allowing to observe an excess over the expectation with a local significance of 5 σ.

After these first results several studies were focussing on optimising the se-

lection of the H→WW (∗)→ `ν`ν analysis in order to enhance the sensitivity of the

search. The final optimised results mainly benefit from the development of a new

/ET reconstruction, represented by the symbols Emiss,track,jetCorr
T or pmiss

T . This new

reconstruction is based on the Emiss,track
T approach but replacing tracks by the calori-

metric measurements of the objects associated to them and adding jets which are

missing in the original Emiss,track
T computation. Although this may create a higher

dependence with pile-up, the new approach still profits from pile-up rejection from

the original track-based selection and with a much more accurate measurement in

topologies with neutral particles in the final state. The results show that the pmiss
T is

able to recover the resolution in events with jets while still maintains a good stability

with pile-up and smaller tails in Z → `` process. Additional investigations using

event topologies with genuine /ET also point to a more reliable measurements of the

expected /ET when using the pmiss
T reconstruction. The strategy for optimising the

/ET criteria in the H→WW (∗)→ `ν`ν analysis is based on simulated final candidate

events evaluated through the statistical likelihood fit. Given the composition and

contribution of the different backgrounds depend on the final state, the /ET optimisa-

tion is evaluated in each analysis category. The different /ET measurements perform

very similarly at the end of the event selection for eµ+µe final states. The low region

of the spectrums are almost not populated since the main backgrounds, as well as

the Higgs boson signal, are expected to have genuine /ET . In addition, the analysis

requirements on m`` and p``T , which are correlated with the /ET measurement, sculpt

the /ET shapes at the end of the selection. Hence, there are almost no differences in

the expected significance values using any of the /ET reconstructions. However, the

pmiss
T is preferred because of its better performance and resolution. A conservative

threshold of 20 GeV is used to deal with possible mis-measurements from multi-

jets background in H+0j and H+1j analyses. Since the Higgs boson produced via

VBF is typically characterised by two emerging quarks, the /ET measurement for

the Higgs signal is expected to be smaller than in the ggF production mode. In this

light, the VBF strategy does not apply any threshold on the /ET measurement since
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the low region of the spectrum is mainly populated by signal events. Final states

with same flavoured leptons are affected by a huge Z/γ∗ contribution, so combining

several /ET reconstructions achieves further Z/γ∗ rejection. In this case when the

final state contains up to one jet, the requirement is done using the projected /ET,Rel

magnitude for the Emiss
T and Emiss,track

T measurements. Investigations on the direc-

tion of the new pmiss
T conclude that the rejection power of the original Emiss,track

T is

still higher. This is due to the fact that the latter tends to point to the mismea-

sured jets, hence the /ET,Rel computation using Emiss,track
T benefits to highly reject

the Z/γ∗ contribution. Emiss
T,Rel computed with the Emiss,track

T still provides the best

significance. For the VBF-enriched analysis, however, the /ET,Rel magnitude may

be biased because of the probability to randomly project the nominal measurement

to any reconstructed jet. This points back to the usage of the pmiss
T measurement,

complemented with a purely calorimeter-based Emiss
T threshold. The better pmiss

T

performance can be exploited to also benefit other /ET -dependent quantities used

in the H→WW (∗)→ `ν`ν, as the mT. Results show a better resolution of the mT

measurement obtained by using the pmiss
T in the computation. The usage of the pmiss

T

in the mT leads to a better separation between the Higgs signal and the remaining

backgrounds, specially for multi-jet and non-WW diboson processes. These optimal

thresholds using the pmiss
T measurement increase the expected significance by 7% in

the ggF-enriched analysis of the H→WW (∗)→ `ν`ν search. The introduction of

the pmiss
T for the transverse mass computation enhances the expected significance

by 9%. For the VBF-enriched search, the overall improvement due to the optimised

/ET selection is observed up to 14% in the expected significance results.

Finally, the optimisation of the H→WW (∗)→ `ν`ν analysis has been develo-

ped using the complete 8 TeV data sample. The main improvements rely on the in-

troduction of more performant variables as the pmiss
T , new techniques for background

estimation, and extensions of the Higgs signal phase space to enhance the sensitivity

of the search. After the whole optimisation, the expected significance of the ggF pro-

duction mode increases from 2.8 σ to 4.36 σ just in eµ+µe final states. For the VBF

production mode of the Higgs boson the overall gain is up to 70% due to the BDT

technique applied now for the H+2j category. The last H→WW (∗)→ `ν`ν results

using Run I ATLAS data are reported at mH = 125.36 GeV. There is an excess over

background of 6.1 σ observed for the H→WW (∗)→ `ν`ν analysis for which the SM

expectation is 5.8 σ. Evidence of the VBF production mode is also obtained with a

significance of 3.2 σ. The ratio of the measured value to the expected value of the

total production cross section times branching ratio is 1.09 +0.16
−0.15 (stat.) +0.17

−0.14(syst.).

The corresponding signal strengths for the ggF and VBF production mechanisms
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are 1.02± 0.19 (stat.) +0.22
−0.18(syst.) and 1.27 +0.44

−0.40 (stat.) +0.21
−0.30(syst.), respectively. The

measurements are consistent with SM Higgs boson expectations and state the ob-

servation of the Higgs boson decaying to WW ∗ in ATLAS.



Caṕıtulo 9

Resumen

9.1 El Experimento ATLAS en el LHC del CERN

9.1.1 El Gran Colisionador de Hadrones del CERN

El CERN (siglas en francés de Conseil Européen pour la Recherche Nucléaire) tiene

como objetivo proporcionar aceleradores de part́ıculas y otras infraestructuras ne-

cesarias para la investigación de la F́ısica de Altas Enerǵıas. Desde su fundación en

1954, el CERN ha albergado varios experimentos como LEP [15], con los que se han

obtenido resultados de alto impacto en la comunidad cient́ıfica. Por ello, el CERN

se ha consolidado como el centro pionero y de referencia en la F́ısica de Part́ıculas

a nivel mundial. Hoy en d́ıa, el CERN está formado por 21 estados miembros y más

de 600 institutos y universidades de todo el mundo participan en sus proyectos de

investigación de distintas formas.

Actualmente, el CERN está sumergido en el programa de investigación del

Gran Colisionador de Hadrones, LHC [32] (siglas en inglés de Large Hadron Collider).

El LHC es un acelerador de part́ıculas de 27 km de circunferencia que está construi-

do en un túnel a 100 m de profundidad entre las fronteras de Francia y Suiza, cerca

de la ciudad de Ginebra. En el LHC circulan dos haces de part́ıculas en sentidos

opuestos, los cuales se aceleran hasta la enerǵıa de 4 TeV. Cuando los haces alcanzan

dicha enerǵıa, se hacen colisionar en el centro de los cuatro experimentos situados

en el túnel del LHC: ATLAS [27], CMS [28], LHCb [29] y ALICE [30]. La Fig. 9.1

muestra la localización del CERN en la superficie y el peŕımetro del túnel del LHC

en el subsuelo, aśı como la ubicación de los cuatro experimentos situados en el anillo

del acelerador. La función de los detectores situados en el túnel del LHC es la de

285
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medir las part́ıculas producidas en las colisiones con el fin de excluir o confirmar

distintas hipótesis teóricas.

Figura 9.1: Diagrama de las ubicaciones de los principales experimentos situados
en el túnel del LHC: ATLAS, CMS, ALICE y LHCb.

9.1.2 El Experimento ATLAS

El objetivo general del experimento ATLAS (siglas en inglés de A Toroidal LHC

Apparatus) es investigar el amplio rango de procesos f́ısicos que teóricamente podŕıan

producirse en las colisiones a altas enerǵıas que tienen lugar en el LHC. Ello incluye

confirmaciones o medidas mejoradas del Modelo Estándar, SM (siglas en inglés de

Standar Model), de part́ıculas elementales, aśı como descubrir nuevos e inesperados

fenómenos al extender el rango energético de observación. Uno de los logros más

importantes del experimento ATLAS fue el descubrimiento del bosón de Higgs [68],

internacionalmente anunciado en Julio de 2012.

ATLAS es el detector más grande situado en el túnel del LHC. Tiene 45 m de

largo, más de 25 m de alto y pesa unas 7000 t. En el centro del detector ocurren las

colisiones de los haces del LHC, las cuales producen part́ıculas que emergen del pun-

to de interacción en todas direcciones. El detector ATLAS debe medir la trayectoria

y enerǵıa de dichas part́ıculas teniendo en cuenta que distintas part́ıculas interac-

cionan con la materia de forma diferente. Por este motivo, el detector de ATLAS
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está construido usando una serie de componentes especializados en la detección de

un tipo concreto de part́ıculas. El detector ATLAS está formado por el Detector In-

terno (ID, siglas en inglés de Inner Detector), de los caloŕımetros electromagnético

y hadrónico (LAr y TileCal, respectivamente) y del Espectrómetro de Muones (MS,

siglas en inglés de Muon Spectrometer). En la Fig. 9.2 se muestra una representación

del detector de ATLAS y de sus principales componentes.

El ID está situado en la parte más interna del detector y más cercana a los

haces del LHC. Este detector está diseñado para reconstruir los vértices de desin-

tegración, aśı como la trayectoria y momento transverso de las part́ıculas cargadas

que emergen de ellos. El sistema de caloŕımetros envuelve el ID y en él se deposita la

enerǵıa de las part́ıculas que lo atraviesan para las cuales estos detectores están cons-

truidos. La última capa de ATLAS está ocupada por el MS que se encarga de medir

las part́ıculas cargadas que logran atravesar los caloŕımetros, como los muones.

Figura 9.2: El detector de ATLAS y sus principales componentes.

9.1.3 El Caloŕımetro Hadrónico TileCal del Detector ATLAS.

Un esquema con todos los caloŕımetros del detector de ATLAS se muestra en la

Fig. 9.3. La parte principal del sistema hadrónico de ATLAS es el detector Tile-

Cal [42]. El TileCal está diseñado para determinar la enerǵıa y dirección de las
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cascadas hadrónicas, aśı como contribuir a la medida de la Enerǵıa Transversa Per-

dida (MET, siglas en inglés de Missing Transverse Energy).

Figura 9.3: Caloŕımetros electromagnético y hadrónico del detector ATLAS.

El TileCal está dividido en cuatro particiones, dos en el gran barril central

y otras dos en los barriles extendidos. Los barriles de TileCal están construidos

por celdas de material centelleador, usado como material activo, e hierro, usado

como material absorbente. Cada uno de los barriles de TileCal está formado por 64

módulos en los cuales el material centelleador está situado radialmente al eje que

definen los haces de protones. En la Fig. 9.4 se muestra la estructura y componentes

de un modulo del TileCal. La part́ıculas que atraviesan el TileCal interaccionan con

el material activo produciendo luz en el material centelleador. Esta luz es recogida

por fibras ópticas y conducida hacia los fotomultplicadores los cuales amplifican y

digitalizan la señal cada 25 ns, obteniendo siete muestras. Estas muestras son usadas

para reconstruir la amplitud, tiempo y pedestal del pulso usando el algoritmo de

Filtrado Óptimo (OF, siglas del inglés Optimal Filtering [48]).
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Figura 9.4: Estructura y componentes de uno de los módulos que forman el
caloŕımetro hadrónico TileCal.

9.2 Descripción del Ruido en el Caloŕımetro Tile-

Cal

9.2.1 El Método Optimal Filtering y el Algoritmo de Topo-

clusters

Una buena medida de la enerǵıa depositada por las part́ıculas en el TileCal es

esencial para la reconstrucción de los procesos producidos en las colisiones del LHC.

Los pulsos producidos por la electrónica del TileCal pueden ser caracterizados por

tres parámetros, la amplitud (A), la fase (τ) y el pedestal (p). El procedimiento

del algoritmo OF para reconstruir dichas magnitudes viene dado por las siguientes

ecuaciones:

A =

7∑
i=1

ai Si , (9.1)

τ =
1

A

7∑
i=1

bi Si , (9.2)

p =
1

A

7∑
i=1

ci Si , (9.3)
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donde Si representa la muestra digital número i; y (ai, bi, ci) son los pesos obtenidos

para para una fase de referencia τ0.

Las medidas de la enerǵıa proporcionadas por las celdas del TileCal son usadas

por el algoritmo de Agrupación Topológica (en inglés Topological Clustering) [53].

Este algoritmo está diseñado para agrupar celdas que tienen una señal suficiente-

mente elevada como para no ser producida por una fluctuación del ruido electrónico:

s =
|E|
σ

(9.4)

donde t es el umbral definido para considerar la celda en el algoritmo de Agrupación

Topológica, E es la enerǵıa medida por las celdas del TileCal y σ es el ruido electróni-

co asociado a dicha celda. Celdas que cumplen s > ss son consideradas semillas. A

las celdas semillas se les añaden sus celdas colindantes siempre y cuando s > sn.

Éstas son consideradas celdas vecinas. Por último, todas las celdas colindantes a las

celdas vecinas también son añadidas si s > sc. Con las distintas condiciones en s

para la definición de celdas semillas y celdas vecinas se consigue crear unas nuevas

estructuras conocidas como topoclusters. Figura 9.5 muestra la multiplicidad de los

topoclusters formados con distintos valores de ss, sn y sc usando eventos tomados

por el detector ATLAS durante 2008.

Figura 9.5: Multiplicidad de topoclusters para diferentes configuraciones de
(ss,sn,sc) obtenidas usando eventos tomados por el detector ATLAS durante
2008. Las distribuciones se han normalizado al número de topoclusters obtenidos

con la configuración nominal (4,2,0).

Los topoclusters son las estructuras a partir de las cuales los algoritmos de

reconstrucción de ATLAS, junto con información adicional de otras partes del de-

tector, se reconstruyen las part́ıculas producidas en las colisiones del LHC: muones

y jets; aśı como la medida de la /ET . Por lo tanto, el estudio de evaluación de la re-

construcción de enerǵıa en TileCal, aśı como la descripción del ruido electrónico de
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este detector son fundamentales para reconstruir correctamente los procesos f́ısicos

que se miden en ATLAS. Las investigaciones sobre diferentes parámetros espaciales

de los topoclusters permiten evaluar la reconstrucción de la enerǵıa y la descrip-

ción del ruido en el TileCal. T́ıpicamente estos parámetros están relacionados con

la distancia radial (r) y longitudinal (λ) con respecto al eje y el centro de la cascada

hadrónica, respectivamente.

Figura 9.6: Momentos en r (izquierda) y λ (derecha) de topoclusters obteni-
dos usando distintas configuraciones de (ss, sn, sc). Los datos corresponden a
eventos tomados por el detector ATLAS durante 2008. Las distribuciones se han

normalizado a la unidad para facilitar su comparación.

Figura 9.6 muestra los momentos en r y λ de los topoclusters obtenidos con

distintos valores de ss, sn y sc usando eventos recogidos por ATLAS durante 2008.

Claramente existen dos contribuciones de ruido debido a los picos observados en

las distribuciones de momentos r y λ de los topoclusters estudiados. Los resultados

además muestran que la contribución que forma los topoclusters mayores aumenta

con ss. Los topoclusters obtenidos usando datos de ATLAS son comparados con

la simulación del proceso W → `ν en la Fig. 9.7. Las distribuciones muestran

los momentos en r y λ de topoclusters formados con la configuración nominal de

ATLAS (4,2,0) en función de la enerǵıa de los topoclusters (definida como la suma

de enerǵıas de todas las celdas que forman el topocluster).

Las distribuciones señalan que topoclusters con mayores momentos en r y λ

sólo se observan en datos y se concentran en reǵımenes de enerǵıa pequeños. Todos

los resultados evidencian la existencia de ruido coherente en el TileCal y motivaron

una mejora en la descripción del ruido del detector durante 2009.
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Figura 9.7: Segundos momentos en r (derecha) y λ (izquierda) como función
de la enerǵıa de los topoclusters formados con la configuración (4,2,0) en datos
tomados en ATLAS (rojo) y en la simulación del proceso W → `ν en MC (azul).

9.2.2 Método de la Doble Gaussiana para la Descripción del

Ruido en TileCal

T́ıpicamente, el ruido electrónico de un detector es aleatorio, por lo que puede ser

descrito por una distribución Gaussiana. Sin embargo, la distribución de la enerǵıa

reconstruida por las celdas de TileCal presenta colas que no son descritas por una

función Gaussiana [57]. Por lo tanto, la medida del ruido en una celda puede ser

considerada como una combinación lineal de un término intŕınseco de ruido alea-

torio y un término que incluye efectos de correlación entre celdas, lo cual crea la

componente de ruido coherente. Figura 9.8 ilustra el método de la doble Gaussiana

desarrollado para la descripción del ruido de las celdas de TileCal.

Figura 9.9 compara el momento en λ de los topoclusters reconstruidos en

TileCal usando una (en azul y negro) y dos (en rojo) Gaussianas para la descripción

del ruido. Los eventos usados son aleatorios y fueron tomados por el detector ATLAS

durante 2008 y 2009. La contribución de topoclusters es reducida un factor 10 debido

a la mejora de la descripción del ruido obtenida con el método de la Doble Gaussiana.

Los resultados también muestran una mejora en la comparación de los datos con

la simulación de MC. Adicionalmente, estudios de la enerǵıa transversa perdida

usando topoclusters (MET) producidos con ambas descripciones de ruido electrónico

muestran hasta un factor 2 de reducción en el RMS de dichas distribuciones usando

la descripción de la Doble Gaussiana. Por último, la contribución de las colas de los

espectros de MET es fuertemente suprimida pasando de 16 % a 0.1 %.
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Figura 9.8: Reconstrucción de la enerǵıa de una celda t́ıpica de ATLAS usando
eventos aleatorios tomados por ATLAS durante 2008 [57]. El método de la Doble
Gaussiana es mostrado en rojo, En azul y verde las funciones por separado de la

primera y segunda componentes del ruido, respectivamente.

Figura 9.9: En la izquierda, momento en λ para distintas descripciones del ruido
de TileCal usando datos tomados en ATLAS durante 2008 y 2009. En la derecha,
espectros de la enerǵıa transversa perdida (MET) a partir de topoclusters obte-
nidos con distintos métodos para describir el ruido en TileCal. La descripción de
la Doble Gaussiana (en rojo) reduce la contribución de topoclusters con λ > 400
con respecto a la descripción usando una única Gaussiana (azul y negro). Además
la Doble Gaussiana (roja y verde) reduce la anchura y las colas en la distribución
de MET comparado con la descripción del ruido dado por una única Gaussiana
(azul y negro) Las distribuciones han sido normalizadas a la unidad para facilitar

su comparación.
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9.3 La Enerǵıa Transversa Perdida en ATLAS

Los métodos de reconstrucción de la enerǵıa transversa perdida ( /ET , en inglés

Missing Transverse Energy) se basan en la ley de conservación de momento en

el plano transversal al eje de los haces del LHC. Esta magnitud mide el desequilibrio

en el momento transverso a partir de todas las part́ıculas obtenidas en el estado

final de un determinado proceso. Debido a esto, la medida de la /ET es sensible a la

presencia de part́ıculas que atraviesan el detector ATLAS sin depositar enerǵıa en

él, como los neutrinos. Las investigaciones sobre la medida de la /ET en ATLAS son

esenciales dado que esta medida juega un papel importante en muchos análisis.

9.3.1 Enerǵıa Transversa Perdida: Definiciones

En ATLAS se han desarrollado dos métodos para calcular la /ET los cuales se di-

ferencian en la parte del detector que proporciona la información de las part́ıculas

producidas en un evento. Las conocidas como medidas de /ET calorimétricas ma-

yormente se basan en la reconstrucción de enerǵıa dada por los caloŕımetros elec-

tromagnético y hadrónico, y el espectrómetro de muones de ATLAS. Aśı pues, las

deposiciones de enerǵıa son asociadas a los objetos en el siguiente orden: electrones

(e), fotones (γ), taus (τ), jets y muones (µ). Las deposiciones de enerǵıa que no

están asociadas a ningún objeto, también son consideradas en el cálculo de la /ET a

través del término Emiss, SoftTerm
T . Todas estas contribuciones son introducidas en el

cálculo de las componentes de Emiss
T en las direcciones x e y:

Emiss
x(y) = Emiss, e

x(y) + Emiss, γ
x(y) + Emiss, τ

x(y) + Emiss, jets
x(y) + Emiss, SoftTerm

x(y) + Emiss, µ
x(y) , (9.5)

donde cada término está calculado como la suma negativa de las enerǵıa de los

objetos proyectadas en las direcciones x e y.

La definición de Emiss
T depende del número de colisiones simultáneas que pue-

den producirse en el mismo evento. Éstas se conocen como interacciones de pile-up.

Las interacciones de pile-up producen part́ıculas que pueden depositar su enerǵıa en

el detector, y por tanto, entran en el cálculo de la medida de Emiss
T . El incremento

de interacciones de pile-up durante 2012 en el LHC hizo necesarias nuevas inves-

tigaciones sobre alternativos métodos de medida de la /ET que mitigaran el efecto

producido por interacciones extra. Dos nuevas medidas se desarrollaron, Emiss, STVF
T

y Emiss,track
T , las cuales suprimen las contribuciones debidas al pile-up a través de la

definición del vértice primario (PV, del inglés primary vertex). En ATLAS, el PV
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se define como aquel vértice cuya suma del momento de las trazas asociadas a él es

mayor.

La definición de Emiss, STVF
T se basa en las deposiciones de enerǵıa en los

caloŕımetros como la Emiss
T pero escala los términos Emiss, SoftTerm

x(y) en la Eq. 9.5

por el factor STVF (del inglés, soft term vertex-fraction). Esta corrección se define

como la fracción de la suma escalar del momento de las trazas asociadas al PV

con respecto a la suma escalar del momento de todas las trazas medidas en el ID,

incluyendo aquéllas producidas por interacciones de pile-up:

STVF =

PV∑
SoftTerm

ptrack
T

All∑
SoftTerm

ptrack
T

, (9.6)

donde 0 ≤ STVF ≤ 1. Además, Emiss, STVF
T también suprime las contribuciones de

jets que son producidos por interacciones pile-up en el término Emiss, jets
x(y) :

Emiss, STVF
x(y) = Emiss, e

x(y) +Emiss, γ
x(y) +Emiss, τ

x(y) + Emiss, jets
x(y),JVF + Emiss,SoftTerm

x(y),STVF +Emiss, µ
x(y) ,

(9.7)

donde las contribuciones corregidas con respecto a Emiss
T se han resaltado.

Por último, la definición de Emiss,track
T usa la enerǵıa medida a partir de las

trazas reconstruidas en el detector interno de ATLAS:

Emiss, track
x(y) = −

PV∑
tracks

ptrack
x(y) , (9.8)

donde la suma se extiende únicamente a las trazas asociadas al PV, por lo cual la

medida de Emiss,track
T es independiente del número de interacciones pile-up. Sin em-

bargo, la medida de Emiss,track
T también tiene inconvenientes. La limitación espacial

del ID y la presencia de part́ıculas neutras de alto momento transverso hacen que

la reconstrucción dada por la Eq. 9.8 sea deficiente en procesos con jets en el estado

final.

9.3.2 Enerǵıa Transversa Perdida: Estudios y Resultados

Los resultados más importantes obtenidos comparando las distintas definiciones de

/ET desarrolladas en ATLAS evaluadas en los procesos Z → `` y H→WW (∗)→ `ν`ν

son presentados y discutidos a continuación.
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Figura 9.10 muestra los espectros de las distintas definiciones de /ET obtenidas

con eventos consistentes con el proceso Z → `` en datos tomados con el detector

ATLAS a una enerǵıa del centro de masa de 8 TeV y datos simulados en Monte

Carlo (MC). Para eventos con jets, la medida de Emiss,track
T presenta mayores colas

que los espectros obtenidos con las medidas Emiss
T y Emiss, STVF

T , las cuales tienen

formas muy parecidas. Esto es debido a que la medida de Emiss,track
T es deficiente en

procesos con part́ıculas neutras en el estado final debido a las limitaciones del ID.

Sin embargo, en eventos sin jets la Emiss,track
T es la distribución con menores valores

medio y anchura.

E
v
e
n
ts

 /
 5

 G
e
V

­210

­110

1

10

210

3
10

410

5
10

6
10

710

8
10

9
10

10
10

1110
MC Data                 

   , miss

T  E
   ,    

miss,STVF

T
  E

   ,     
miss,track

T
  E

  
­1 Ldt = 20.3 fb∫ = 8 TeV, s

 + 0 jetsµµee/→Z

 [GeV]
miss

TE

0 20 40 60 80 100 120 140 160 180 200

D
a

ta
 /

 M
C

0.6

0.8

1

1.2

1.4

E
v
e
n
ts

 /
 5

 G
e
V

­210

­110

1

10

210

3
10

410

5
10

6
10

710

8
10

9
10

10
10

1110 MC Data                 

   , miss

T  E
   ,    

miss,STVF

T
  E

   ,     
miss,track

T
  E

  
­1 Ldt = 20.3 fb∫ = 8 TeV, s

 inclusive jetsµµee/→Z

 [GeV]
miss

TE

0 20 40 60 80 100 120 140 160 180 200

D
a

ta
 /

 M
C

0.6

0.8

1

1.2

1.4

Figura 9.10: Distribuciones de las distintas medidas de /ET en datos (puntos)
y simulación (ĺıneas) usando eventos consistentes con el proceso Z → ``. Abajo
se muestra el cociente del número de eventos en datos sobre el de la simulación
para cada definición de /ET . La distribución de la derecha selecciona eventos que
no contengan jets con pT > 20 GeV mientras que en la izquierda no se aplica

ninguna restricción para el número de jets.

Para evaluar la dependencia de las medidas de /ET con respecto al número

de interacciones producidas por pile-up, se define la resolución como la anchura de

la componente x e y de la medida de /ET añadidas en cuadratura. La Fig. 9.11

muestra la resolución obtenida para cada una de las distintas definiciones de /ET en

función del número medio de interacciones por paquete (< µ >). Las definiciones

basadas en las medidas energéticas de los caloŕımetros, Emiss
T y Emiss, STVF

T , muestran

una resolución con tendencia positiva. La tendencia y los valores de la resolución

obtenidos con dichas medidas es similar en eventos con y sin jets. Sin embargo, la

pendiente obtenida con la medida Emiss,track
T es aproximadamente nula, por lo que

la resolución de la Emiss,track
T es independiente del número de interacciones pile-up
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que tienen lugar en el evento. En eventos sin jets, la resolución de la Emiss,track
T

es menor que la obtenida con Emiss
T y Emiss, STVF

T . En cambio, cuando los eventos

tienen asociados dos o más jets la resolución de la Emiss,track
T es un factor 2 mayor

comparando con las definiciones basadas en las medidas proporcionadas por los

caloŕımetros. Esto pone de manifiesto la degradación de la reconstrucción de la

Emiss,track
T debido a la presencia de part́ıculas neutras en el proceso f́ısico.
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Figura 9.11: Resolución de las distintas definiciones de /ET en bines del número
de interacciones por paquete < µ >. Z → µµ eventos en datos y simulación con

0 y al menos 2 jets se muestran en la izquierda y derecha, respectivamente.
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Figura 9.12: Proyección de las distintas definiciones de /ET a lo largo de la direc-
ción del bosón Z (< ET ·AZ >) en función del momento transverso del Z (pZT).
Datos tomados por ATLAS a 8 TeV (ćırculos) se comparan con datos simulados
con MC (circunferencias). Z → µµ eventos son separados: 0 jets (izquierda) y al

menos dos jets (derecha).

A partir de la topoloǵıa de eventos del proceso Z → `` se puede definir un

eje en el plano transversal en la dirección del bosón Z. La dirección de este eje (AZ)
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viene definido por el momento reconstruido de los leptones:

AZ =
p`

+

T + p`
−

T

| p`+T + p`
−

T |
, (9.9)

donde los valores p`T representan los vectores de momento transverso del leptón y del

anti-leptón. Las componentes de la /ET a lo largo de dicho eje son sensibles a efectos

de resolución del detector [59]. La media de la distribución de la /ET proyectada

a lo largo de la dirección definida por la Eq. 9.9 (Mean(Emiss
T · AZ)) es sensible

a efectos de resolución energética del detector, por lo tanto, mide la escala de la

reconstrucción de /ET . En la Fig. 9.12 se muestran las distintas definiciones de /ET

proyectadas a lo largo del eje AZ en función del momento transverso del bosón Z.

La linearidad es otra importante magnitud para evaluar la /ET en sucesos don-

de se espera la presencia de neutrinos. La linearidad evalúa la consistencia entre la

medida de /ET reconstruida por distintos algoritmos y el valor esperado (Emiss,True
T ),

para el cual el proceso ha sido simulado. La linearidad viene definida por el valor

medio del siguiente cociente:

Linearidad =
Emiss

T − Emiss,True
T

Emiss,True
T

. (9.10)
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Figura 9.13: Distribuciones de la linearidad usando distintas definiciones de /ET
como función del valor esperado de la /ET dado por la simulación (Emiss,True

T ).
Los eventos corresponden al proceso H→WW (∗)→ `ν`ν, simulados con mH =
125 GeV, los cuales se muestran para distinto número de jets en el estado final:

H+0j y H+2j en la izquierda y derecha, respectivamente.

La linearidad debe ser nula si la medida de la /ET está reconstruida en la escala

correcta. La Fig. 9.13 muestra los resultados obtenidos para cada una de las defini-

ciones de /ET en función de la Emiss,True
T obtenida por el generador de MC para la
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simulación del proceso H→WW (∗)→ `ν`ν. Los resultados están divididos en even-

tos sin jets y sucesos con alta actividad de jets. De nuevo, la definición de Emiss,track
T

tiene una gran diferencia relativa con respecto al valor esperado especialmente en

eventos con al menos dos jets energéticos.

9.4 La Búsqueda de H→WW (∗)→ `ν`ν en ATLAS

9.4.1 El Modelo Estándar de Part́ıculas y el Bosón de Higgs

El Modelo Estándar (SM, del inglés Standard Model) de Part́ıculas es una teoŕıa

cuántica de campos que describe y unifica tres de las cuatro interacciones funda-

mentales de la naturaleza: la fuerza electromagnética, la fuerza débil y la fuerza fuer-

te. La Electrodinámica Cuántica (QED) describe las interacciones de las part́ıculas

cargadas eléctricamente usando el grupo de simetŕıa U(1) las cuales están mediadas

por los fotones. La Cromodinámica Cuántica (QCD) describe las interacciones de

las part́ıculas cargadas con color (quarks) en términos del grupo de simetŕıa SU(3)

dando lugar a 8 gluones intermediarios. La Teoŕıa Electrodébil (EW) describe las

interacciones de part́ıculas cargadas que sienten la fuerza débil en términos del grupo

de simetŕıa SU(2) x U(1). Esta descripción da lugar a cuatro bosones intermediarios:

W±, Z y el fotón. Sin embargo, a diferencia de los bosones intermediarios en las QED

y QCD los cuales no tienen masa, la interacción débil está mediada por los bosones

masivos W± y Z. Para que dichos bosones tengan asociados términos de masa en

la teoŕıa, la simetŕıa del Lagrangiano electrodébil se debe romper espontáneamente

dando lugar a un nuevo campo escalar, el bosón de Higgs.

Las secciones eficaces de los modos de producción más relevantes del bosón

de Higgs en función de su masa en colisiones de protones a 8 TeV se muestran en

la Fig. 9.14. La Fig. 9.15 muestra los diagramas de Feynman de estos modos de

producción. Los modos dominantes de producción del bosón de Higgs en el LHC son

fusión de gluones (ggF, en inglés gluon-gluon fusion) y fusión de bosones vectoriales

(VBF, en inglés vector boson fusion) con secciones eficaces de 19,52 pb y 1,58 pb

para mH = 125 GeV, respectivamente.

9.4.2 Estrategia del Análisis H→WW (∗)→ `ν`ν

La desintegración del bosón de Higgs en dos bosones W dando en el estado final dos

leptones y dos neutrinos se beneficia de una alta probabilidad de producción (BR,
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Figura 9.14: Secciones eficaces para distintos modos de producción del bosón
de Higgs en función de su masa en colisiones de protones a una enerǵıa en el

centro de masa de 8 TeV.
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Figura 9.15: Diagramas de Feynman de los procesos de producción del bosón
de Higgs en colisionadores de protones.

del inglés branching ratios) en un amplio rango de masa del bosón de Higgs como

muestra la Fig. 9.16.

Aśı pues, el análisis deH→WW (∗)→ `ν`ν es uno de los canales más importan-

tes para la búsqueda del bosón de Higgs. Sin embargo, este canal de desintegración

también tiene inconvenientes. En primer lugar, sufre una gran contaminación proce-

dente de otros procesos f́ısicos que pueden tener reconstruido el mismo estado final.

Estos procesos son conocidos como fondos. En segundo lugar, este análisis no es

sensible a la masa del bosón de Higgs debido a la presencia de neutrinos en el estado

final. Estos dos hechos caracterizan la estrategia del análisis de H→WW (∗)→ `ν`ν:
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la selección de eventos debe ser suficientemente dura como para reducir los fondos

y, al mismo tiempo, suficientemente permisiva para incluir la señal de Higgs.

Cuadro 9.1: Porcentajes obtenidos de la simulación correspondientes a la pro-
ducción de un bosón de Higgs con mH = 125 GeV para los modos de producción

ggF y VBF en función del número de jets en el estado final.

Njets ggF VBF
= 0 53.5 % 2 %
= 1 25 % 11 %
≥ 2 21.5 % 87 %

La información del modo de producción del bosón de Higgs está relacionada

con el número de jets en el estado final. El modo de producción de ggF mayormente

origina eventos con cero o un jet. Sin embargo, el bosón de Higgs es mayormente

producido v́ıa VBF en eventos con al menos dos jets en el estado final. Tabla 9.1

muestra la contribución esperada de cada modo de producción para eventos con

distinto número de jets en el estado final. Por este motivo, el análisis divide los

eventos en tres categoŕıas: H+0j, H+1j y H+2j.

La estrategia del análisis también diferencia el sabor de los leptones dado

que la contribución y composición de los fondos es diferente para leptones en el

estado final con el mismo sabor (ee+µµ) y leptones con distinto sabor (eµ+µe).

Figura 9.17 muestra las distribuciones de la multiplicidad de jets para eventos con

leptones con mismo y distinto sabor, separadamente. Las contribuciones de fondo

dominantes para los estados finales eµ+µe son WW en H+0j y tt̄ en H+1j y

H+2j. La contaminación en eventos ee+µµ está dominada por el proceso Z/γ∗. La

contribución de tt̄ toma relevancia en eventos con presencia de jets. La clasificación
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en datos de ATLAS a 8 TeV. La simulación obtenida mediante MC para la con-
tribución esperada de los fondos del SM también se muestra. La banda amarilla

representa la incertidumbre en la simulación.

de eventos debido al número de jets y sabor de los leptones del estado final permite

adecuar la selección con el fin de suprimir de forma eficiente los fondos dominantes

en cada caso.

9.4.3 Selección de Eventos

El análisis H→WW (∗)→ `ν`ν selecciona eventos con exactamente dos leptones bien

reconstruidos de carga opuesta y con pT > 25, 15 GeV, donde los valores representan

los umbrales para el leptón de mayor y menor momento transverso, respectivamente.

La masa invariante del sistema de los dos leptones seleccionados deben ser mayor

que 10, 12 GeV para eµ+µe y ee+µµ estados finales, respectivamente. Para suprimir

la contribución de Z/DY, los eventos ee+µµ consistentes con la masa del Z en un

intervalo de ±25 GeV son suprimidos y además, se requiere Emiss
T,Rel > 25 y 45 GeV en

eµ+µe y ee+µµ, respectivamente. Figura 9.18 muestra cómo el requisito en Emiss
T,Rel

mayormente suprime eventos originados por desintegración del bosón Z.

Seguidamente, el análisis categoriza los eventos dependiendo del número de

jets en el estado final. En el análisis H+0j la selecciona eventos con ningún jet

con pT > 25 (30) GeV en |η| < (>) 2,4. Esto reduce la contribución de fondos

producidos por el quark top. Seguidamente se requiere que el ángulo entre el sistema

de dileptones y la Emiss
T sea mayor que π/2. Esto suprime eventos patológicos en

los que la Emiss
T apunta en la dirección del par de leptones (∆φll,Emiss

T
), mayormente

eventos Z/DY, con un coste muy reducido para la selección de la señal de Higgs

como muestra la Fig. 9.19.
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la señal del bosón de Higgs (ĺınea roja).
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Figura 9.19: Distribuciones de ∆φll,Emiss
T

para eventos H+0j en datos a 8 TeV.

Los plots muestran los estados finales eµ+µe en la derecha y ee+µµ en la dere-
cha. Las distribuciones esperadas para los fondos del SM obtenidas a partir de
simulación de MC se muestran separadamente. La señal esperada del bosón de

Higgs con mH = 125 GeV está representada por la ĺınea roja.

El siguiente criterio se basa en las distribuciones del momento transverso del

sistema de los dos leptones (p``T ) mostradas en la Fig. 9.20. La contribución de Z/DY

se concentra en la región baja del espectro por lo que los eventos deben satisfacer

la condición p``T > 30 GeV. Después de este requisito, la contaminación debida a

Z/DY se reduce un factor ∼ 15 y el fondo irreducible de WW representa el ∼ 70 %

de los eventos totales en el estado final eµ+µe.

Finalmente, los últimos requisitos de la selección se basan en la diferenciación

de la topoloǵıa del sistema de los dos leptones originados por la señal de Higgs. Los



304 Chapter 9. Resumen

 [GeV]ll
T

P

0 20 40 60 80 100 120 140 160

E
v
e

n
ts

 /
 5

 G
e

V

0

200

400

600

800

1000
 Data

 stat)⊕ SM (sys 

 WW

γ WZ/ZZ/W

t t
 Single Top

 Z+jets

 W+jets
 

 H [125 GeV]

  
­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 0 jetsνeνµ/νµνe→
(*)

WW→H

 [GeV]ll
T

P

0 20 40 60 80 100 120 140 160

E
v
e

n
ts

 /
 5

 G
e

V

0

500

1000

1500

2000

2500

3000  Data
 stat)⊕ SM (sys 

 WW

γ WZ/ZZ/W

t t
 Single Top

 Z+jets

 W+jets
 

 H [125 GeV]

  
­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 0 jetsνµνµ/νeνe→
(*)

WW→H

Figura 9.20: Distribuciones de p``T para eventos H+0j en datos y simulación a
8 TeV para los estados finales eµ+µe y ee+µµ en la izquierda y derecha, respec-
tivamente. La señal esperada del bosón de Higgs con mH = 125 GeV está repre-

sentada por el área roja sobre los fondos esperados del SM.

leptones deben emerger en la misma dirección y tener una masa invariante pequeña,

por lo tanto: ∆φ``< 1,8 radianes y m``< 50 GeV. La distribución de m`` se muestra

en la Fig 9.21 para eventos eµ+µe en la categoŕıa H+0j donde la mayor parte de

la señal de Higgs con 125 GeV se concentra en la región más baja del espectro.
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Figura 9.21: Distribuciones de m`` para los estados finales eµ+µe sin jets en
datos tomados por ATLAS a 8 TeV y simulación por MC.

Tabla 9.2 muestra los eventos observados y simulados para los distintos fondos

y la señal de Higgs con mH = 125 GeV después de aplicar la selección completa para

el estado final eµ+µe en la categoŕıa H+0j.

Para eventos con estados finales ee+µµ la contribución de Z/DY es todav́ıa

dos veces superior a la del fondo WW . Por ello en estos eventos se aplican requisitos
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Cuadro 9.2: Número de eventos observados y esperados para la categoŕıa H+0j
con estados finales eµ+µe en datos tomados por ATLAS a 8 TeV y simulación

por MC.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>25 46526

46660 327.6 7432 778 30700 3360 3356 840
± 80 ± 2.2 ± 23 ± 21 ± 60 ± 25 ± 40 ± 10

Njets = 0 9024
9000 171.7 4901 368 506 310 2440 470
± 40 ± 1.6 ± 19 ± 12 ± 8 ± 7 ± 32 ± 7

∆φll,Emiss
T

>π
2 8100

8120 170.4 4839 356 491 305 1687 437
± 40 ± 1.6 ± 19 ± 12 ± 8 ± 8 ± 29 ± 6

p``T > 30 5497
5485 156.0 4048 288 450 280 100 319
± 27 ± 1.5 ± 17 ± 12 ± 8 ± 8 ± 14 ± 5

m`` < 50 1453
1308 124.0 964 110 68.5 45.5 18 101.5
± 14 ± 1.3 ± 8 ± 6 ± 3.2 ± 2.8 ± 7 ± 2.4

∆φ``< 1,8 1399
1244 119.2 925 107 67.2 44.4 13 87.5
± 13 ± 1.3 ± 8 ± 6 ± 3.1 ± 2.8 ± 7 ± 2.3

espećıficos para reducir la contribución de Z/DY. Debido a la complementariedad

de la definiciones de Emiss
T y Emiss,track

T , es posible reducir este fondo aplicando un

requisito adicional en Emiss,track
T,Rel > 45 GeV. Además se utiliza el cociente entre la

suma escalar del momento de jets con pT > 10 GeV situados en el cuadrante opuesto

al sistema de los dos leptones y el momento transverso de éstos, p``T . Esta magnitud

es conocida como frecoil y distingue entre procesos Z/DY y otros procesos con dos

leptones en el estado final. Tabla 9.3 muestra los eventos observados y simulados

para los distintos fondos y la señal de Higgs con mH = 125 GeV después de aplicar

la selección completa para el estado final ee+µµ en la categoŕıa H+0j.

En el análisis H+1j se seleccionan eventos con exactamente un jet en el

estado final. Estos eventos están dominados por el proceso tt̄, el cual representa

el ∼ 70 % en el estado final eµ+µe y es del orden de la contribución de Z/DY

en ee+µµ, como se observa en las distribuciones de la Fig. 9.17. Para suprimir la

contribución de tt̄, la selección excluye eventos con jets considerados como productos

de un quark b: Nb-jet = 0. Para los estados finales eµ+µe en la región de H+1j,

el proceso Z → ττ es suprimido descartando eventos consistentes con la masa del

bosón Z: |mττ − mZ |< 25 GeV. Finalmente, los eventos finales deben pasar los

mismos requisitos en m`` y ∆φ`` descritos para el caso H+0j.

Figura 9.22 muestra las distribuciones de ∆φ`` para los eventos que satisfacen

la selección para la categoŕıa de H+0j separadamente para los estados finales eµ+µe

y ee+µµ. Para los eventos ee+µµ, también se reduce la contribución del fondo de

Z/DY usando Emiss,track
T,Rel > 45 GeV y frecoil < 0,2. Tablas 9.4 y 9.5 muestran los

eventos observados y esperados para la señal del bosón de Higgs con mH = 125 GeV
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Cuadro 9.3: Número de eventos observados y esperados para la categoŕıa H+0j
con estados finales ee+µµ en datos tomados por ATLAS a 8 TeV y simulación

por MC.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>45 39330

38430 189.2 3691 404 15540 1776 16710 306
± 190 ± 1.7 ± 16 ± 11 ± 50 ± 18 ± 190 ± 14

Njets = 0 16446
15550 103.7 2436 191 281 175 12300 172
± 160 ± 1.2 ± 13 ± 5 ± 6 ± 6 ± 160 ± 11

∆φll,Emiss
T

>π
2 13697

12970 103.5 2431 188 277 174 9740 161
± 140 ± 1.2 ± 13 ± 5 ± 6 ± 6 ± 140 ± 10

p``T > 45 5670
5650 99.3 2300 172 264 167 2610 133.9
± 70 ± 1.2 ± 13 ± 5 ± 6 ± 5 ± 70 ± 3.6

m`` < 50 2314
2393 84.0 759 64.1 53.4 42.2 1412 62.1
± 22 ± 1.1 ± 7 ± 2.8 ± 2.9 ± 2.7 ± 20 ± 2.5

Emiss,track
T,Rel >45 1032

993 62.9 646 41.5 46.7 38.8 200 19.4
± 10 ± 0.9 ± 7 ± 2.0 ± 2.7 ± 2.5 ± 5 ± 1.5

∆φ``< 1,8 1026
983 62.5 644 41.5 46.0 38.8 195 18.4
± 10 ± 0.9 ± 7 ± 2.0 ± 2.7 ± 2.5 ± 5 ± 1.5

frecoil< 0,05 671
647 41.8 515 29.8 19.4 21.8 48.6 12.0
± 7 ± 0.8 ± 6 ± 1.6 ± 1.8 ± 1.9 ± 2.6 ± 1.3
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Figura 9.22: Distribuciones de ∆φ`` para eventos del tipo H+1j observados
en datos y simulación por MC a 8 TeV. Los resultados se muestran para los
estados finales eµ+µe y ee+µµ en la izquierda y derecha, respectivamente. La
señal esperada del bosón de Higgs con mH = 125 GeV (área roja) se superpone

al total de los fondos esperados del SM.

y los distintos fondos del SM después de aplicar la selección completa de la categoŕıa

H+1j para estados finales eµ+µe y ee+µµ, respectivamente.

La última región en la que el análisis H→WW (∗)→ `ν`ν se divide es la cate-

goŕıa conocidas como H+2j, en la que se seleccionan al menos dos jets en el estado

final. Este estado final está dominado por el fondo de tt̄ casi por completo por lo

que se excluyen eventos con b-jets, como en el caso de H+0j. En la categoŕıa H+2j

la señal del bosón de Higgs está mayoritariamente formada a través del modo de
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Cuadro 9.4: Número de eventos observados y esperados para la categoŕıa H+1j
con estados finales eµ+µe en datos tomados por ATLAS a 8 TeV y simulación

por MC.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>25 46526

46660 327.6 7432 778 30700 3360 3356 840
± 80 ± 2.2 ± 23 ± 21 ± 60 ± 25 ± 40 ± 10

Njets = 1 9527
9460 96.7 1656 265 4981 1604 757 195
± 40 ± 1.2 ± 10 ± 12 ± 25 ± 17 ± 15 ± 5

Nb-jet = 0 4320
4239 84.8 1460 224 1272 457 667 160
± 25 ± 1.1 ± 10 ± 9 ± 13 ± 9 ± 14 ± 4

Z→ ττ veto 4138
4024 84.4 1417 217 1220 436 580 155
± 25 ± 1.1 ± 9 ± 9 ± 13 ± 9 ± 14 ± 4

m`` < 50 886
829 63.4 269 69 216 79 149 45.6
± 11 ± 0.9 ± 4 ± 5 ± 6 ± 4 ± 5 ± 2.3

∆φ``< 1,8 728
650 58.8 247 60.5 204 76 27.8 34.5
± 9 ± 0.9 ± 4 ± 3.5 ± 6 ± 4 ± 3.3 ± 2.0

Cuadro 9.5: Número de eventos observados y esperados para la categoŕıa H+1j
con estados finales ee+µµ en datos tomados por ATLAS a 8 TeV y simulación

por MC.

Observed Total bkg.
Signal

WW V V tt̄
Single

Z+jets W+jets
[mH = 125] Top

Emiss
T,Rel>45

39330 38430 189.2 3691 404 15540 1776 16710 306
± 190 ± 1.7 ± 16 ± 11 ± 50 ± 18 ± 190 ± 14

Njets = 1 8354
8110 54.3 820 137 2744 885 3470 60
± 80 ± 1.0 ± 7 ± 8 ± 19 ± 13 ± 80 ± 9

Nb-jet = 0 5192
4800 47.7 723 120 719 256 2930 44
± 70 ± 0.9 ± 7 ± 8 ± 10 ± 7 ± 70 ± 8

m`` < 50 1773
1537 37.6 194.5 34.8 166 64.9 1057 20.1
± 16 ± 0.7 ± 3.5 ± 1.7 ± 5 ± 3.4 ± 14 ± 1.5

Emiss,track
T,Rel > 45 440

418 21.4 148.1 20.6 128 51.9 64 5.1
± 7 ± 0.6 ± 3.0 ± 1.3 ± 5 ± 3.1 ± 4 ± 0.8

∆φ``< 1,8 430
407 20.4 143.2 19.9 126 51.0 63 4.5
± 7 ± 0.5 ± 3.0 ± 1.2 ± 4 ± 3.1 ± 4 ± 0.7

frecoil< 0,2 346
315 16.2 128.4 17.4 97 44.3 25.1 3.1
± 6 ± 0.5 ± 2.8 ± 1.2 ± 4 ± 2.9 ± 2.1 ± 0.6

producción VBF, la cual se caracteriza por la presencia de dos jets muy energéticos

que emergen en sentidos opuestos. La estrategia del análisis de la categoŕıa H+2j

explota estas caracteŕısticas para distinguir la señal de Higgs producida v́ıa VBF

de los fondos del SM, definiendo observables cinemáticos a partir de los dos jets

con mayor pT en el evento. La masa invariante del sistema de los dos jets debe ser

grande: mjj > 500 GeV, aśı como la separación entre los mismos: ∆yjj > 2,8, donde

∆yjj ≡ |yj1 − yj2 |. Figuras 9.23 y 9.24 muestran las distribuciones de ∆yjj y mjj ,

respectivamente.
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Figura 9.24: Distribuciones de mjj en el análisis H→WW (∗)→ `ν`ν con Njets ≥
2 en datos tomados por ATLAS a 8 TeV y simulación de MC, después de requerir

|∆yjj | > 2,8.

Además, la actividad en la región definida por los dos jets con mayor pT tam-

bién permite eliminar procesos procedentes de los fondos. Esta región debe incluir

la actividad de los leptones pero no puede contener ningún jet con pT> 20 GeV.

Después de estos requisitos, los fondos totales del SM disminuyen un factor 3 y la

contribución del proceso tt̄ se reduce al orden de magnitud del fondo de WW en

estados finales con eµ+µe. Finalmente, la selección también excluye eventos con

valores altos de m`` y ∆φ``, cuyas distribuciones para la señal de Higgs producida

v́ıa VBF, aśı como los fondos que satisfacen la selección espećıfica para la categoŕıa

H+2j se muestran en las Fig. 9.25 y Fig 9.26, respectivamente.

Tablas 9.6 y 9.7 muestran el número de eventos esperados para la señal de

Higgs con mH = 125 GeV producida v́ıa VBF y los fondos del SM después de aplicar

cada criterio de selección en la categoŕıa H+2j para los estados finales eµ+µe y

ee+µµ, respectivamente.
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Figura 9.26: Distribuciones de ∆φ`` en el análisis H→WW (∗)→ `ν`ν con
Njets ≥ 2 en datos tomados por ATLAS a 8 TeV y simulación por MC, después

de requerir m`` < 60 GeV.

9.4.4 Resultados

Después de la selección de eventos en cada una de las categoŕıas H+0j, H+1j y

H+2j para los estados finales eµ+µe y ee+µµ el análisis utiliza la masa transversa

definida como:

mT =
√

(E``T +Emiss
T )2− | ~p ``T + Emiss

T |2 (9.11)

donde E``T =
√
| ~p ``T |2 +m2

`` con |~p ``T |= p``T . Figura 9.27 contiene la distribución de

mT para aquellos eventos finales que satisfacen la selección completa del análisis

H→WW (∗)→ `ν`ν correspondiente a las categoŕıas H+0j y H+1j.

Equivalentemente, para el modo de producción v́ıa VBF, la distribución de

mT en el análisis H+2j se muestra en la Fig.9.28 para leptones en los estados

finales: eµ+µe. Para mostrar la sensibilidad del análisis de H→WW (∗)→ `ν`ν, en
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Cuadro 9.6: Número de eventos observados y esperados para la categoŕıa H+2j
con estados finales eµ+µe en datos tomados por ATLAS a 8 TeV y simulación

por MC.

Observed Total bkg.
Signal mH = 125GeV

WW V V tt̄
Single

Z+jets W+jets
VBF ggF Top

Emiss
T >20 84324

83810 77.5 376.5 8801 1292 49910 5051 16570 1766
± 130 ± 1.4 ± 2.2 ± 23 ± 26 ± 80 ± 31 ± 80 ± 16

Njets ≥ 2 48723
47740 42.6 66.9 939 299 41850 2368 1811 437
± 80 ± 0.9 ± 0.9 ± 7 ± 15 ± 70 ± 21 ± 25 ± 8

Nb-jet = 0 5852
5697 30.6 49.1 685 202 2932 351 1310 171
± 32 ± 0.7 ± 0.8 ± 6 ± 7 ± 21 ± 8 ± 18 ± 5

ptot
T < 45 4790

4615 26.7 40.8 591 155 2319 287 1168 126
± 29 ± 0.7 ± 0.7 ± 6 ± 7 ± 18 ± 8 ± 17 ± 4

Z→ ττ veto 4007
3846 24.5 38.0 544 141 2148 264 673 108
± 26 ± 0.7 ± 0.7 ± 6 ± 7 ± 18 ± 7 ± 14 ± 4

|∆yjj |> 2,8 696
678 11.9 9.50 100.0 24.8 377 55.1 95 19
± 10 ± 0.23 ± 0.34 ± 2.3 ± 3.4 ± 7 ± 3.1 ± 5 ± 2

mjj > 500 198
170 7.54 2.93 33.7 5.6 93.4 11.4 18.9 4.4
± 4 ± 0.12 ± 0.19 ± 1.2 ± 0.6 ± 3.0 ± 1.2 ± 2.5 ± 0.7

CJV 92
77.6 6.30 1.74 25.5 2.8 30.2 5.3 9.3 3.1
± 2.4 ± 0.11 ± 0.15 ± 1.0 ± 0.4 ± 1.5 ± 0.8 ± 1.2 ± 0.6

OLV 78
58.5 6.07 1.57 18.7 2.05 22.5 4.3 7.3 2.4
± 2.1 ± 0.10 ± 0.14 ± 0.8 ± 0.32 ± 1.3 ± 0.7 ± 1.2 ± 0.5

m`` < 60 31
16.4 5.49 1.48 3.8 0.66 4.48 0.70 4.4 1.0
± 1.3 ± 0.10 ± 0.14 ± 0.4 ± 0.21 ± 0.69 ± 0.31 ± 0.8 ± 0.4

∆φ``< 1,8 23
12.3 5.11 1.34 3.5 0.63 3.7 0.70 1.9 0.56
± 1.0 ± 0.09 ± 0.13 ± 0.4 ± 0.21 ± 0.7 ± 0.31 ± 0.5 ± 0.30

Cuadro 9.7: Número de eventos observados y esperados para la categoŕıa H+2j
con estados finales ee+µµ en datos tomados por ATLAS a 8 TeV y simulación

por MC.

Observed Total bkg.
Signal [mH = 125]

WW V V tt̄
Single

Z+jets W+jets
VBF ggF Top

Emiss
T >45

58690
56930 45.5 198.8 3924 604 29300 2863 19620 463

Emiss, STVF
T >35 ± 210 ± 1 ± 2 ± 20 ± 10 ± 60 ± 20 ± 190 ± 16

Njets ≥ 2 32877
32170 26.4 39.7 537 186 24540 1388 5420 191
± 110 ± 0.7 ± 0.7 ± 6 ± 9 ± 60 ± 16 ± 90 ± 7

Nb-jet = 0 65388
6370 18.9 29.6 394 129 1747 203 3810 58
± 80 ± 0.6 ± 0.6 ± 5 ± 7 ± 16 ± 6 ± 80 ± 4

ptot
T < 45 4903

4830 16.7 24.4 336 93 1375 171 2790 42.9
± 70 ± 0.5 ± 0.6 ± 4 ± 5 ± 14 ± 6 ± 70 ± 2.9

|∆yjj |> 2,8 958
926 8.06 6.23 61.1 12.7 253 35.3 552 6.2
± 33 ± 0.20 ± 0.28 ± 1.7 ± 1.3 ± 6 ± 2.4 ± 33 ± 1.1

mjj > 500 298
245 5.55 2.10 23.5 4.1 62.4 9.3 139 1.4
± 6 ± 0.10 ± 0.16 ± 1.0 ± 1.1 ± 2.5 ± 1.1 ± 5 ± 0.6

CJV 147
119 4.65 1.10 16.6 2.8 19.3 4.1 72.6 0.68
± 4 ± 0.10 ± 0.12 ± 0.8 ± 1.1 ± 1.3 ± 0.7 ± 3.4 ± 0.38

OLV 108
82.7 4.45 0.93 12.5 2.3 14.3 3.1 49.0 0.30
± 3.3 ± 0.09 ± 0.11 ± 0.6 ± 1.1 ± 1.1 ± 0.6 ± 2.7 ± 0.30

m`` < 60 52
38.7 4.03 0.81 3.23 1.7 3.8 0.80 28.3 0.14
± 2.5 ± 0.09 ± 0.10 ± 0.34 ± 1.1 ± 0.6 ± 0.30 ± 2.1 ± 0.24

∆φ``< 1,8 42
33.0 3.70 0.72 2.82 1.7 3.3 0.74 23.6 0.06
± 2.4 ± 0.09 ± 0.09 ± 0.32 ± 1.1 ± 0.5 ± 0.30 ± 2.0 ± 0.21
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Figura 9.27: Distribuciones de mT para los eventos finales en el análisis
H→WW (∗)→ `ν`ν usando datos a 8 TeV y simulación por MC. Los resulta-
dos muestran las categoŕıas H+0j y H+1j combinadas. La señal esperada del
bosón de Higgs se muestra en rojo superpuesta a la suma de los fondos del SM
simulados por MC. El área gris representa las incertidumbres de la señal y los
fondos debidas a errores estad́ısticos, experimentales y teóricos. La distribución
inferior muestra la diferencia de los datos con respecto a los fondos estimados,
comparada con la distribución esperada de mT de la señal del bosón de Higgs

con mH = 125 GeV.

la Tab. 9.8 se muestran los eventos observados a 8 TeV y esperados por la simulación

para los distintos fondos del SM y la señal del bosón de Higgs con mH = 125 GeV

en el rango de mT donde hay mayor contribución de señal: mT 0,75mH <mT<mH

para H+0j y H+1j, y mT< 1,2mH for H+2j.

Para comprobar la presencia de señal, el análisis realiza un ajuste estad́ıstico

que explota las diferencias en composición y contribución de los distintos fondos

usando la distribución de mT. El resultado obtenido a través del ajuste estad́ıstico

para el análisis de H→WW (∗)→ `ν`ν combinando los datos tomados por el detector

ATLAS a 7 y 8 TeV para todos los estados finales se muestra en la Fig. 9.29. La

significancia observada a mH = 125 GeV es de 3.8 σ mientras que la esperada es de

3.7 σ. Para determinar la compatibilidad de los resultados con el SM se define el

parámetro µ como el cociente del ajuste estad́ıstico obtenido a partir de los datos

usando una masa fija para el bosón de Higgs de mH = 125 GeV. El exceso de eventos
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Cuadro 9.8: Número de eventos observados en datos a 8 TeV y esperados para
la señal del bosón de Higgs con mH = 125 GeV y los fondos del SM en las
regiones de mT 0,75mH <mT <mH para H+0j y H+1j, y mT < 1,2mH para
H+2j. Todos los posibles estados finales de los leptones resultantes han sido
combinados. El número de eventos totales esperados para los fondos se muestra
en la tabla de arriba, mientras que la contribución de cada uno de los procesos
dominantes se muestran abajo. Los errores incluyen incertidumbres estad́ısticas

y sistemáticas.

Njets Nobs Nbkg Nsig

= 0 831 739± 39 100± 21
= 1 309 261± 28 41± 14
≥ 2 55 36± 4 10.9± 1.4

NWW NV V Ntt̄ Nt NZ/DY NW+ jets

551± 41 58± 8 23± 3 16± 2 30± 10 61± 21
108± 40 27± 6 68± 18 27± 10 12± 6 20± 5
4.1± 1.5 1.9± 0.4 4.6± 1.7 0.8± 0.4 22± 3 0.7± 0.2
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Figura 9.28: Distribución de la masa transversa para eventos que satisfacen la
selección completa del análisis H→WW (∗)→ `ν`ν con estados finales eµ+µe y

Njets ≥ 2 en datos de ATLAS a 8 TeV y simulación por MC.

observados es compatible con la predicción del bosón de Higgs con mH = 125 GeV:

µobs = 1,01± 0,21 (stat.)± 0,19 (th. syst.)± 0,12 (exp. syst.)± 0,04 (lumi.)

= 1,01± 0,31.
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Figura 9.29: Valores locales p0 esperados (ĺınea punteada) y observados
(ĺınea continua) en función de la masa del bosón de Higgs en el análisis
H→WW (∗)→ `ν`ν combinando los datos tomados en ATLAS a 7 TeV y 8 TeV.
La banda verde indica la incertidumbre en la curva del valor esperado de p0 en

el rango ±1σ y la banda amarilla representa la incertidumbre con ±2σ.

Para el modo de producción mediante VBF, el ajuste estad́ıstico puede rea-

lizarse considerando la señal producida v́ıa ggF como parte del fondo. Figura 9.30

compara la curva p0 observada con la simulación de la señal del bosón de Higgs

con mH = 125 GeV. Los valores observados y esperados para dicha masa. La signi-

ficancia observada para el bosón de Higgs producido a través del mecanismo VBF

con mH = 125 GeV es 2,5σ mientras que el esperado es de 1,6σ. Estos valores se

encuentran en el rango de compatibilidad comprendido por la banda ±1σ de las

incertidumbres

Todos los resultados obtenidos de los datos tomados por el detector ATLAS

a 7 + 8 TeV muestran la compatibilidad de la observación con la predicción del

SM de una señal producida por el bosón de Higgs con mH = 125 GeV decayendo a

dos bosones W . La combinación de los resultados del análisis H→WW (∗)→ `ν`ν

con los resultados de los canales de desintegración H → γγ y H → ZZ → 4`

permitió anunciar el descubrimiento del bosón de Higgs en el detector ATLAS con

una signficancia observada de 5 σ el 4 de Julio de 2012 [68].

9.5 Optimización de la /ET en H→WW (∗)→ `ν`ν

Después de los primeros resultados del análisis de H→WW (∗)→ `ν`ν, numerosos

estudios se centraron en mejorar y optimizar la selección con el fin de aumentar

la sensibilidad de la búsqueda. Los resultados finales se benefician principalmente
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8 TeV. La banda verde indica la incertidumbre en la curva del valor esperado de
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de las investigaciones realizadas en la optimización del criterio de /ET usado con la

introducción de una nueva reconstrucción Emiss, track, jetCorr
T .

9.5.1 Definición de Emiss, track, jetCorr
T

La nueva reconstrucción de la medida de la /ET se basa en la reconstrucción de

Emiss,track
T pero reemplazando la enerǵıa de las trazas asociadas a objetos por la

reconstrucción de enerǵıa de los mismos realizada en los caloŕımetros. Además, jets,

reconstruidos con altos criterios de calidad, que no tienen trazas asociadas son añadi-

dos en la nueva reconstrucción Emiss, track, jetCorr
T . La definición de Emiss,track,jetCorr

T

viene dada por la siguiente expresión:

Emiss,track,jetCorr
T = −

PV∑
i trks

~pT
i+

∑
` leptones

(
~pT
`,trk− ~pT

`,calo

)
+
∑
j jets

(
~pT
j,trk− ~pT

j,calo

)
,

(9.12)

donde ~pT
j,trk se refiere a todas las trazas asociadas a jets y ~pT

j,calo es el momento

transverso del jet j obtenido en los caloŕımetros. Aunque la introducción del último

término en la Eq. 9.12 puede crear dependencia con el pile-up, la nueva medida

Emiss,track,jetCorr
T aún sigue siendo suficientemente estable ya que contiene la infor-

mación del PV y además, proporciona una medida más precisa que Emiss,track
T en

eventos con part́ıculas neutras en el estado final.
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Figura 9.31: Distribuciones de las diferentes definiciones de /ET para datos
(ćırculos) y simulación (circunferencias) para eventos consistentes con el pro-
ceso Z → µµ. Eventos sin jets (izquierda) y con al menos dos jets (derecha) se

muestran separadamente.

Figura 9.31 muestra los espectros para las medidas de /ET realizadas con

distintos algoritmos para eventos en datos y simulación consistentes con el proceso

Z → µµ. Los resultados separan los eventos en distinto número de jets en el estado

final. Para eventos sin jets, la medida de Emiss,track,jetCorr
T es igual que Emiss,track

T ,

ya que la corrección de jets no se aplica en este caso. En eventos con al menos dos

jets reconstruidos en el estado final con pT > 25 GeV, se observa que la nueva

mediad Emiss,track,jetCorr
T disminuye considerablemente las colas con respecto a la

distribución obtenida para Emiss,track
T , estando al nivel de las reconstrucciones Emiss

T

y Emiss, STVF
T .

La Figura 9.32 muestra la media y anchura de cada medida de /ET en eventos

simulados de Z → `` en función del número de interacciones por paquete. Los

eventos están divididos en distintos número de jets en el estado final. Los resultados

muestran la mejora en la medida de Emiss,track,jetCorr
T con respecto a las definiciones

previas, especialmente en eventos con part́ıculas neutras.

Numerosas investigaciones sobre el comportamiento de la Emiss,track,jetCorr
T

han sido desarrolladas en eventos en los que se espera una medida de /ET real debido

a la presencia de neutrinos en el estado final. Los estudios de linearidad muestran

que la nueva definición de Emiss,track,jetCorr
T restablece la linearidad de Emiss,track

T ,

proporcionando un valor más cercano al esperado. Además, variables relacionadas

con la medida de /ET han sido mejoradas por la introducción de Emiss,track,jetCorr
T .
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Figura 9.32: Valores de la media y RMS para cada definición de /ET en simu-
lación para eventos del bosón Z usando diferentes número de jets en el estado
final: 0 jets (arriba), 1 jet (centro) y ≥ 2 (abajo). Las distribuciones de pmiss

T y
Emiss,track,jetCorr

T son idénticas en eventos sin jets.

La Emiss,track,jetCorr
T también mejora la resolución de variables como mT y mττ , las

cuales son utilizadas en el análisis H→WW (∗)→ `ν`ν.

9.5.2 Optimización de la /ET

La estrategia para optimizar el criterio de /ET en el análisis H→WW (∗)→ `ν`ν se

basa en candidatos final simulados por MC los cuales son evaluados a través del

ajuste estad́ıstico para determinar su impacto a través de la significancia esperada

para cada caso. Debido a que la composición y contribución de los fondos depende del
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estado final en el análisis H→WW (∗)→ `ν`ν, la optimización de la /ET se evalúa en

cada caso. En general para estados finales con eµ+µe, las diferentes reconstrucciones

de /ET proporcionan resultados muy similares al final de la selección de eventos.

Para todas ellas, el espectro de /ET está prácticamente despoblado en la región

de /ET < 25 GeV ya que tanto la señal como los fondos remanentes tienen valores

esperados para la medida de /ET . Figura 9.33 muestra el espectro de Emiss,track,jetCorr
T

de cada uno de los fondos y de la señal del bosón de Higgs con mH = 125 GeV para

eventos que satisfacen la selección del análisis H+0j con estados finales eµ+µe.
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Figura 9.33: Distribución de Emiss,track,jetCorr
T obtenido con eventos simulados

por MC para cada uno de los fondos y de la señal del bosón de Higgs con mH =
125 GeV. Los eventos satisfacen la selección completa del análisis H+0j con

estados finales eµ+µe.

Por lo tanto, los resultados obtenidos del ajuste estad́ıstico muestran que no

hay un beneficio significativo usando una determinada definición o umbral de /ET

ya que cualquier corte suprime tantos eventos de señal como de fondo en semejante

porcentaje. Finalmente, se prefiere usar la definición de Emiss,track,jetCorr
T por tener

mejor resolución y un valor umbral conservador de 20 GeV se usa para la categoŕıas

H+0j y H+1j. Dado que la producción del bosón de Higgs v́ıa VBF está caracteri-

zada por la presencia de quarks, la medida esperada de /ET para la señal es menor

que para el modo de producción ggF. Por ello, la aplicación de un corte en /ET

suprime más eventos de señal que de fondo, con lo que la significancia de la señal

disminuye como muestra la Fig. 9.34. Debido a estos resultados, la nueva estrategia

no aplica ningún requisito en /ET en eventos H+2j con estados finales eµ+µe.

Por otro lado, estados finales con leptones de mismo sabor resultan afectados

por una gran contribución de Z/γ∗ de 4 órdenes de magnitud mayor que la señal,
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incluso después de suprimir eventos consistentes con la masa del bosón Z. Este

fondo no tiene un valor real de /ET por lo que el requisito que se aplica combina las

definiciones de Emiss
T y Emiss,track

T con el fin de reducir este proceso al máximo. Los

resultados obtenidos usando Emiss,track,jetCorr
T concluyen que el poder de supresión

de la medida original Emiss,track
T es todav́ıa mayor para estos casos. Esto es debido

a que se utilizan las proyecciones de la /ET en la dirección del objeto más cercano

( /ET,Rel ) definida como:

Emiss
T,Rel =


Emiss

T , si ∆φ > π/2

,

Emiss
T × sin ∆φ, si ∆φ < π/2

donde ∆φ es el ángulo mı́nimo entre la dirección de /ET y el leptón o jet más cercanos

(obj): ∆φ = min(|φmiss − φobj|). Como la definición de Emiss,track
T no considera

part́ıculas neutras, la dirección de esta medida tiende a apuntar en la dirección de

éstas, lo cual beneficia el cálculo de /ET,Rel como se muestra en la Fig. 9.35.

En el caso del análisis de H+2j con estado finales ee+µµ, el cálculo de la

/ET,Rel puede estar afectado por la gran actividad de jets que caracteriza este pro-

ceso. Por este motivo, los resultados apuntan a una mejora de la significancia de la

señal combinando cortes en la variables Emiss,track,jetCorr
T y Emiss

T .
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Figura 9.35: Comparación de las distribuciones de Emiss,track
T (azul) y

Emiss,track,jetCorr
T (rojo) y sus correspondientes cantidades relativas (ĺıneas discon-

tinuas) para eventos simulados de Z/DY que satisfacen el criterio de selección
de H+1j. En la izquierda y derecha se muestran los estados finales ee y µµ,

respectivamente.

En general, la introducción de Emiss,track,jetCorr
T beneficia la búsqueda del

bosón de Higgs en el canal de desintegración H→WW (∗)→ `ν`ν. Los estudios de

optimización aumentan la significancia esperada para la señal de Higgs un 7 % en

H+0j y H+1j. Además, la introducción de esta nueva medida en la definición de la

mT aumenta el poder de diferenciación del ajuste estad́ıstico, el cual muestra una

mejora del ∼ 10 % debido a la introducción de Emiss,track,jetCorr
T . Para el caso del

análisis de H+2j, las mejoras proporcionadas por la optimización de los cortes de

/ET y el uso de Emiss,track,jetCorr
T reflejan un aumento en la significancia del 14 % con

respecto a los resultados anteriores.

9.6 Observación de H→WW (∗)→ `ν`ν en ATLAS

9.6.1 Mejoras Introducidas en el Análisis

Con el fin de aumentar la sensibilidad de la búsqueda, un procedimiento completo de

optimización del análisis H→WW (∗)→ `ν`ν ha sido desarrollado usando simulación

por MC a una enerǵıa de centro de masas de 8 TeV. Las mejoras más importantes

se basan en la introducción de nuevas variables, como la Emiss,track,jetCorr
T . Con el

fin de incrementar la selección de la señal, se han extendido las regiones definidas

por el análisis. Estos estudios concluyen con la disminución de los valores umbrales

de la selección , como el pT de los leptones candidatos, y la definición de una nueva

región de la señal en el canal H+2j para el modo de producción ggF. Por último,
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se han mejorado las técnicas de estimación de los distintos fondos en cada uno de

los posibles estados finales en los que se divide este análisis.

La significancia esperada después de introducir todos los cambios obtenidos

a partir de los diferentes resultados de optimización aumenta de 2,8 σ a 4,36 σ

usando únicamente leptones finales eµ+µe en los análisis H+0j y H+1j. Para el

análisis del modo de producción v́ıa VBF, la mejora total es del ∼ 70 % comparando

con el resultado anterior, debido a la implantación de técnicas de BDT (en inglés,

Boosted Decision Tree).

9.6.2 Resultados

La Tab. 9.9 contiene el número de eventos que satisfacen todos los requisitos del

análisis H→WW (∗)→ `ν`ν usando datos a 8 TeV y simulación por MC. Se observa

un exceso de ∼ 500 eventos en datos con respecto a los fondos esperados del SM

obtenidos por simulación al final de la selección. Este exceso es compatible con el

número de eventos esperados generados por un bosón de Higgs con mH = 125 GeV.

Cuadro 9.9: Número de eventos finales observados y esperados para cada estado
final consistente con el modo de producción ggF en el análisis H→WW (∗)→ `ν`ν
con datos por ATLAS a 8 TeV. Nsig y Nbkg muestran los eventos esperados pa-
ra la señal de Higgs y los fondos del SM, respectivamente. Los valores de las

incertidumbres incluyen errores teóricos y experimentales.

Resumen Composición de Nbkg

Selección
Nobs Nbkg Nsig NWW Ntop Nmisid NVV NDY

NggF NVBF Ntt̄ Nt NWj Njj

Njets = 0 3750
3430 300 8 2250 112 195 360 16 420 78
±90 ±50 ±4 ±95 ±9 ±15 ±60 ±5 ±40 ±21

Njets = 1 1596
1470 102 17 630 150 385 108 8.2 143 51
±40 ±26 ±5 ±50 ±10 ±20 ±20 ±3,0 ±20 ±13

Njets ≥ 2,
1017

960 37 13 138 56 480 54 62 56 117
eµ+µe ggF ±40 ±11 ±1,4 ±28 ±5 ±40 ±25 ±22 ±18 ±21

Figura 9.36 presenta la distribución de mT para eventos consistentes con el

modo de producción del bosón de Higgs v́ıa ggF usando datos tomados por ATLAS

durante Run-I.

Para el modo de producción del bosón de Higgs a través de VBF, la Tab. 9.10

muestra el número de eventos finales para datos a 8 TeV y simulación por MC

de los distintos procesos del SM y de la señal de Higgs con mH = 125 GeV. Los

resultados para este modo de producción en el análisis H→WW (∗)→ `ν`ν muestran

un exceso de ∼ 30 eventos con respecto a los fondos del SM simulados por MC. La
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v́ıa ggF usando datos a 7 y 8 TeV y simulación por MC. La distribución de abajo
muestra la diferencia de los datos con respecto a los fondos estimados comparando

con con la distribución esperada para un bosón de Higgs con mH = 125 GeV.

Cuadro 9.10: Número de eventos finales observados y esperados para cada es-
tado final consistente con el modo de producción VBF usando datos de ATLAS
a 8 TeV y simulación por MC. Nsig y Nbkg muestran los eventos esperados pa-
ra la señal de Higgs y los fondos del SM, respectivamente. Los valores de las

incertidumbres incluyen errores teóricos y experimentales.

Resumen Composición de Nbkg

Selección
Nobs Nbkg Nsig NWW Ntop Nmisid NVV NDY

NggF NVBF Ntt̄ Nt NWj Njj

Njets ≥ 2,
130

99 7.7 21 11 5.5 29 4.7 2.8 4.4 38
VBF ±9 ±2,6 ±3 ±3,5 ±0,7 ±5 ±1,4 ±1,0 ±0,9 ±7
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Fig. 9.37 muestra los resultados obtenidos con el procedimiento de BDT (OBDT) y

las distribuciones de mT para los eventos candidatos.

Los resultados obtenidos del ajuste estad́ıstico se muestran en la Fig. 9.38

en función de la masa del bosón de Higgs. Se observa un exceso de eventos en

datos sobre los fondos esperados del SM de 6,1σ en el canal de desintegración

H→WW (∗)→ `ν`ν. Este resultado es consistente con el valor esperado de 5,8σ

procedente de la simulación por MC de un bosón de Higgs de mH = 125,36 GeV.

Los resultados proporcionados por el test estad́ıstico en función del cociente

µVBF/µggF para mH = 125,36 GeV se muestran en la Fig. 9.39. El valor obteni-

do bajo la hipótesis µVBF/µggF = 0 proporciona la significancia de la producción

del bosón de Higgs a través del modo de producción VBF que es de 3,2σ. El co-

ciente del valor medido con respecto al valor esperado de la sección eficaz de pro-

ducción del bosón de Higgs con mH = 125,36 GeV es 1,09 +0,16
−0,15 (stat.) +0,17

−0,14(syst.).

Los correspondientes valores para los mecanismos de producción ggF y VBF son

1,02 ± 0,19 (stat.) +0,22
−0,18(syst.) y 1,27 +0,44

−0,40 (stat.) +0,21
−0,30(syst.), respectivamente. Las

observaciones son consistentes con los valores esperados del bosón de Higgs del SM
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confirmando la primera observación del bosón de Higgs decayendo a un par de bo-

sones W en el detector ATLAS.
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Appendix A

Topocluster Performance

Using Different

Configurations

This appendix firstly contains the energetic performance for different Topological

Clustering algorithm configurations using randomly triggered events. This is covered

in Section A.1. The topoclusters is also evaluated through the topoclusters moments

and their related-quantities: longitudinal and lateral. They are defined and used

as performance testers in Section A.2. These investigations prove that the two-

Gaussian description for the TileCal noise constants and the proper treatment of

the hot spots, reduce significantly the tails in the MET distribution.

A.1 Energetic Performance

Figure A.1 shows the topoclusters multiplicity distributions for different configura-

tions of (ss, sn, sc) using 2008 randomly triggered cosmic events collected by the

ATLAS detector.

The mean values of the number of topoclusters (Ntopo) for each (ss,sn,sc)

configuration are presented in Tab. A.1. It is clear that the dominant threshold in

topocluster multiplicity is ss and differences observed for different sn and sc values

are relatively small. Furthermore, the sn = 2 and sc = 0 are optimal values as

the object formation using these thresholds in general give the minimum number of

reconstructed topoclusters.
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Figure A.1: Topocluster multiplicity distributions for different configurations
obtained from 2008 ATLAS random triggered events.

ss = 4 Ntopo ss = 4.5 Ntopo ss = 5 Ntopo sn = 2 Ntopo

(4, 1.5, 0) 43.53 (4.5, 1.5, 0) 17.64 (5, 1.5, 0) 9.02 (3, 2, 0) > 150

(4, 2, 0) 42.57 (4.5, 2, 0) 16.12 (5, 2, 0) 7.77 (3.5, 2, 0) 140.28

(4, 2.5, 0) 44.24 (4.5, 2.5, 0) 16.86 (5, 2.5, 0) 8.05 (4, 2, 0) 42.57

(4, 3, 0) 45.41 (4.5, 3, 0) 17.36 (5, 3, 0) 8.25 (4.5, 2, 0) 16.12

(4, 2, 0.5) 42.38 (5, 2, 0) 7.77

(4, 2, 1) 42.05 (5.5, 2, 0) 4.30

(6, 2, 0) 2.54

Table A.1: Different topocluster configurations expressed as (ss, sn, sc) -odd
columns- and the multiplicity of topoclusters (Ntopo) -even columns- for each
case. Random triggered cosmic events collected by the ATLAS detector during

2008 are used.

The total energy of the topoclusters defined as the sum of the energy of each

of the cells forming the topocluster is comparing using different thresholds values in

Fig. A.2. The distributions show an asymmetrical tendency which is mainly corre-

lated with the seed’s threshold value. The total transverse energy of the topoclusters

defined as the sum of the energy of each of the cells forming a topocluster is com-

paring using different thresholds values in Fig. A.3.
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Figure A.2: Energy distributions for different configurations of topoclusters
obtained from randomly triggered cosmic events collected by the ATLAS detector
during 2008. The distributions are normalised to the number of entries of the

(4,2,0) configuration and the energy is given in GeV.

Figure A.3: Transverse energy for different configurations of topoclusters ob-
tained from randomly triggered cosmic events collected by the ATLAS detector
during 2008. The distributions are normalised to the number of entries of the

(4,2,0) configuration and the energy is given in GeV.
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A.2 Topoclusters Moments

Figure A.4: Second moment in r for different configurations of topoclusters
obtained from randomly triggered cosmic events collected by the ATLAS detector

during 2008. The distributions are normalised to the unity.

Figure A.5: Second moment in λ for different configurations of topoclusters ob-
tained from randomly triggered cosmics events collected by the ATLAS detector

during 2008. The distributions are normalised to the unity.
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Figure A.4 and Fig. A.5 show the second moment in r and λ, respectively,

using different configurations of topoclusters obtained from randomly triggered cos-

mic events collected by the ATLAS detector during 2008. Figure A.6 shows the

contribution of the topoclusters-cells located in different barrels and layers of the

TileCal detector with respect to the total energy measured for the topocluster.

Figure A.6: Energy fraction in each of the barrels (left) and layers (right) of
the TileCal detector.

In order to measure the contribution of the most energetic cells in the topoclus-

ter shape, a new set of quantities are defined: the normalised second lateral and

longitudinal moments. These variables are given by the expressions,

lateral =
< r2 >out

< r2 >out + < r2 >core
, (A.1)

longitudinal =
< λ2 >out

< λ2 >out + < λ2 >core
, (A.2)

where the magnitudes < r2 >out, < r2 >core, < λ2 >out, and < λ2 >core are defined

as follows,

• < r2 >out=< r2 >, with r = 0 mm for the two most energetic cells.

• < λ2 >out=< λ2 >, with λ = 0 mm for the two most energetic cells.

• < r2 >core=< r2 >, with r = 40 mm for the two most energetic cells and

r = 0 mm for all other cells.

• < λ2 >core=< λ2 >, with λ = 100 mm for the two most energetic cells and

λ = 0 mm for all other cells.
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Equation A.1 and Eq. A.2 give normalised distributions between 0 and 1 for

the two moments. The fixed values for r and λ for the two most energetic cells in a

topocluster were obtained from simulation.

Figure A.7: Normalised second lateral moment for different configurations
of topoclusters obtained from random triggered cosmic events collected by the

ATLAS detector during 2008. Distributions are normalised to the unity.

Figure A.7 and Fig. A.8 show the normalised second lateral and longitudinal

moments for different configurations of topoclusters, respectively.

A.2.1 TileCal Contribution to Large Topoclusters

The cell multiplicity in large topoclusters for each ATLAS calorimeter component

is illustrated in Fig. A.9. The distribution shows the tendency of large topoclusters

in TileCal to contain more cells than EM calorimeter on average. The distribution

on the right shows that the energetic contribution from TileCal cells is dominant in

large topoclusters.
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Figure A.8: Normalised second longitudinal moment for different configurations
of topoclusters obtained from random triggered cosmic events collected by the

ATLAS detector during 2008. Distributions are normalised to the unity.

Figure A.9: Cell multiplicity from topoclusters with< λ2 >∈ [400, 1200] in each
of the calorimeters of ATLAS (left) and energetic contribution of each calorimeter

to the total topocluster energy (right).





Appendix B

Missing Transverse

Momentum Measurements in

ATLAS

This appendix firstly contains the selection criteria applied to the Emiss
T input objects

definition in Section 4.2

B.1 Details on Emiss
T Reconstruction

In the Emiss
T definition given by Eq. 4.1, calorimeter cells associated to reconstructed

physics object are calibrated according to the corresponding physics object. More-

over, the reconstructed energy for each Emiss
T component is scaled individually. The

calibration scheme used is the one yielding the best performance in 2010 data, which

is described in full detail in Ref. [59] and summarised below. Electrons are calibrated

with the default ATLAS electron calibration [154] and photons are used at the elec-

tromagnetic scale (EM). The τ -jets, from hadronically decaying τ -leptons, are cali-

brated with the local cluster weighting (LCW) [155] which involves classifying the

energy depositions as electromagnetic or hadronic to weighting them appropriately

when computing the topocluster energy. An offset is subtracted to suppress the pile-

up effects and the tau energy scale (TES) correction [156] is applied. The jets are

reconstructed with the anti-kt algorithm [114], with distance parameter R = 0.4.

They are calibrated with the LCW scheme if 10 < pT < 20 GeV (known as soft

jets, which contribution enters in the soft term) and with the LCW+JES scheme,

333
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where JES is the jet energy scale [137], if pT > 20 GeV (which contribute to the

jet term). The contribution from topoclusters not associated to high-pT objects

is calculated with LCW calibration combined with tracking information. Finally,

the muon term is calculated from the momenta of muon tracks reconstructed with

|η| < 2.5. Only well-reconstructed muons in the MS with a matched track in the ID

are considered (combined muons). Outside the ID volume acceptance (|η| > 2.5),

only the momenta from the MS is used for the muon term.

Table B.1: The contributions to Emiss
T in Eq. 4.1 from electrons and positrons

(e±), photons (γ), tau leptons (τ±), muons (µ±), and particle jets. The table
is ordered descending in priority for consideration in Emiss

T reconstruction, with
the 1 being the highest priority.

Priority Term
pT [GeV]
threshold

Object
selection

Calibration
and scale

Contribution

1 e 10
ATLAS electron

identification:
medium++

ATLAS
electron
calibration

e± with reconstruction
quality and kinematic

criteria

2 γ 10
ATLAS photon
identification:

tight
EM

γ with reconstruction
quality and kinematic cuts,

without overlap with 1

3 τ 20
τ -jets from

hadronically
τ -leptons decays

LCW+TES
τ± with reconstruction

quality and kinematic cuts,
without overlar with 1 and 2

4 jets 20
Anti-kt

jet algorithm
with R = 0.4

LCW+JES
Jets with reconstruction

quality and kinematic cuts,
without overlap with 1− 3

5 SoftTerm 10
Topoclustering

algorithm
(4,2,0)

LCW
Topoclusters and tracks not
associated to high-pT objects
without overlap between them

6 µ 6

ID tracks associated
Combined

to MS (|η < 2.5|)

MS tracks
MS

(2.5 < |η| < 2.7)

Topoclusters
LCW

(|η| < 2.7) (*)

µ± with reconstruction
quality and kinematic

cuts, with adjusted
corrections for calorimetric

deposits when relevant:
(*) muons overlapping

with jets

Table B.1 summarises the selection criteria applied for the high pT object-

related terms contained in Eq. 4.1.

B.2 Details on Emiss,STVF
T Reconstruction

Tracks entering in the STVF correction, given in Eq. 4.5, should be originated in the

PV but not be associated to any high-pT objects accounted in the other Emiss
T terms.
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A track is considered to be associated with a hard object when it is the source of

the kinematics of a reconstructed particle, or it is used for particle identification,

or it overlaps with calorimeter energetic signals representing the particle. These

tracks are removed by spacial overlap with the objects defined in Section 4.2. The

association to the PV requires perpendicular impact parameter (d0): |d0| < 2 mm

and a longitudinal impact parameter (z0) with |z0×sin θ| < 2 mm, both with respect

to the beam axis. The θ represents the polar angle of the track. Tracks should have

ptrack
T > 400 GeV and a number of hits in the ID system high enough to ensure

good reconstruction.

B.3 Details on Emiss,track
T Reconstruction

Tracks considered in the Emiss,track
T calculation need to satisfy a number of require-

ments in order to ensure a good momentum measurement, an efficient rejection of

mis-reconstructed tracks and a very good track to PV association. ? Events must

have at least one track satisfying the following requirements:

• pT > 500 MeV

• |η| < 2.5

• at least 1 pixel detector hit

• at least 6 SCT hits

• Transverse impact parameter with respect to the PV: |d0| < 1.5 mm

• Longitudinal impact parameters with respect to the PV: |z0×sin(θ)| < 1.5 mm

Besides the good job of the ID system and the high quality requirements

listed above, two effects are considered for the mis-reconstructed tracks and for

tracks associated to a high-pT object which do not pass the selection. These cases

are corrected as follows for improvising the Emiss,track
T reconstruction.

Tracks selected as described above can still have their momentum badly re-

constructed. This effect arises from low-pT tracks interacting with the ID material.

Those may produce a non-negligible number of secondary particles that leave enough

hits in the pixel/SCT detectors to be reconstructed with a much higher momentum.

In order to reduce the number of these mis-reconstructed tracks, the following se-

lections are required to isolated tracks:
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• the relative uncertainty on the charge to track-momentum ratio (q/p) should

be:
σ(q/p)

(q/p)
< 0.4 (B.1)

• the energy in calorimeter clusters in a cone of 0.1 radius, in the (η, φ) plane,

(Ecalo
0.1 ) around the track should satisfy:

Ecalo
0.1

ptrack
T

> 0.65 , (B.2)

to reflect the reconstructed track momentum

3 − 4% of the tracks associated to reconstructed electrons and muons fail

some of the high quality requirements listed above. The effect is a Emiss,track
T mis-

reconstruction since these tracks are not entering in its computation. In order to

conserve the physics content of the event, all tracks associated to electrons and

muons are used in the Emiss,track
T calculation whether or not they pass the high

quality criteria. The selection of the leptons for track association follows the re-

quirements applied for computing the electron and muon terms in Emiss
T calculation,

given in Section 4.2.

In 2012, motivated by the increase on pileup events, several studies requiring

tighter selection for the tracks showed that they only slightly reduce the number of

tracks included in the Emiss,track
T calculation, but make negligible differences overall

to its performance. However, the performance improved using the calorimeter en-

ergetic reconstruction for electrons instead of the pT of their associated ID tracks.

This is due to the reconstruction of the electron energy deposited in the calorime-

ter system takes into account energetic effects, such as the loose for bremstrahlung

radiation, while the ID reconstruction does not. In this light, all selected tracks are

replaced by the calorimeter energy reconstruction of the electrons from which they

are associated in the Emiss,track
T calculation.

B.4 /ET Comparisons in Z → `` Enriched Region

These events have to satisfy a criterion for being compatible with the Z → ``

process. The selection requires exactly two isolated high-pT leptons with opposite

sign and same flavour in the final state. Moreover, the invariant mass of the two

leptons (m``) can not differ from the mass of the Z boson in more than 25 GeV.
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Figure B.1: Emiss
T , Emiss, STVF

T and Emiss,track
T distributions for Z → `` events

in 8 TeV ATLAS data and MC simulation for ee + µµ final states and inclusive
number of jets.
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Figure B.2: Emiss
T , Emiss, STVF

T and Emiss,track
T distributions for Z → `` events

in 8 TeV ATLAS data and MC simulation for ee+ µµ final states with 0 jets.
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Figure B.3: Emiss
T , Emiss, STVF

T and Emiss,track
T distributions for Z → `` events

in 8 TeV ATLAS data and MC simulation for ee + µµ final states with exactly
one jet.
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Figure B.4: Emiss
T , Emiss, STVF

T and Emiss,track
T distributions for Z → `` events

in 8 TeV ATLAS data and MC simulation for ee + µµ final states and inclusive
number of jets with at least two jets.
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Figure B.5: Emiss
T , Emiss, STVF

T and Emiss,track
T x and y components for Z → ``

events in 8 TeV ATLAS data and MC simulation for ee + µµ final states with 0
jets.
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Figure B.6: Emiss
T , Emiss, STVF

T and Emiss,track
T x and y components for Z → ``

events in 8 TeV ATLAS data and MC simulation for ee + µµ final states and
inclusive number of jets with exactly 1 jet.
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Figure B.7: Emiss
T , Emiss, STVF

T and Emiss,track
T distributions for Z → `` events

in 8 TeV ATLAS data and MC simulation for ee + µµ final states with at least
two jets.





Appendix C

H→WW(∗)→ `ν`ν Event

Yields for 7 TeV Data

Table C.1 shows the expected event yield for the Higgs boson, with mH = 125 GeV,

the background estimation and the number of observed events at each state of the

pre-selection requirements and the Emiss
T for all lepton channels combined using the

2011 data.

Table C.1: Observed and expected event yields after the pre-selection and Emiss
T

requirements in the 2011 period are shown for all lepton channels combined. The
signal is shown for mH = 125 GeV Higgs boson. All the MC predictions are from
simulation except the W+ jets background, which is estimated entirely from data.
Only statistical uncertainties associated with the numbers of events in the MC

samples are shown.

Selection Nobs Nbkg Nsig NWW NV V Ntt̄ Nt NZ/γ∗ NW+ jets

lepton pT 2740091 2720000 ± 1000 159.2 ± 0.4 3625 ± 7 1715 ± 9 14660 ± 30 1558 ± 10 2691000 ± 1000 8110 ± 50
OS leptons 2734190 2712000 ± 1000 156.9 ± 0.4 3611 ± 6 1238 ± 7 14590 ± 30 1550 ± 10 2684000 ± 1000 6600 ± 50
m`` > 12, 10 2727098 2708000 ± 1000 154.9 ± 0.4 3606 ± 6 1230 ± 7 14580 ± 30 1550 ± 10 2682000 ± 1000 5310 ± 50
Z veto 278330 265300 ± 400 153.0 ± 0.4 3266 ± 6 583 ± 6 14020 ± 30 1490 ± 10 244200 ± 400 1700 ± 30
Emiss

T cuts 15068 14990 ± 50 93.2 ± 0.3 1897 ± 5 210 ± 4 7440 ± 20 860 ± 10 4320 ± 50 266 ± 7

Table C.2 shows the expected signal and background yields, and the number

of observed events in each cut stage of the H+0j analysis using the 7 TeV data.

Table C.3 shows the expected signal and background yields, and the number

of observed events in each cut stage of the H+1j analysis using the 7 TeV data.

The expected signal and background yields, and the number of observed

events in each cut stage of the H+2j analysis using the 7 TeV data are shown

in Tab. C.4.
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Table C.2: Selection table for H+0j in 7 TeV data. The observed, Nobs, and
expected, Nexp, yields for the signal, Nsig, and background, Nbkg, processes are
shown for all channels combined: ee+µµ + eµ+µe. The composition of Nbkg

is given on the right. The requirements are imposed sequentially from top to
bottom. Energies, masses, and momenta are in units of GeV. All uncertainties

are statistical.

Selection Nobs Nbkg Nsig NWW NV V Ntt̄ Nt NZ/γ∗ NW+ jets

H+0j 5231 4970 ± 40 60.1 ± 0.2 1330 ± 4 112 ± 3 180 ± 3 92 ± 3 3090 ± 40 164 ± 5
∆φll,Emiss

T
>π

2 4123 3940 ± 30 59.8 ± 0.2 1318 ± 4 109 ± 3 165 ± 3 90 ± 3 2110 ± 30 152 ± 4

p``T > 30, 40 1774 1730 ± 10 51.9 ± 0.2 1084 ± 4 87 ± 2 148 ± 3 80 ± 3 230 ± 10 100 ± 3
m`` < 50 543 532 ± 8 43.2 ± 0.2 291 ± 2 36 ± 2 27 ± 1 18 ± 1 125 ± 7 35 ± 2
∆φ``< 1.8 532 521 ± 8 42.2 ± 0.2 285 ± 2 35 ± 2 27 ± 1 18 ± 1 125 ± 7 32 ± 2

Table C.3: Selection table for H+1j in 7 TeV data. The observed, Nobs, and
expected, Nexp, yields for the signal, Nsig, and background, Nbkg, processes are
shown for all channels combined: ee+µµ + eµ+µe. The composition of Nbkg

is given on the right. The requirements are imposed sequentially from top to
bottom. Energies, masses, and momenta are in units of GeV. All uncertainties

are statistical.

Selection Nobs Nbkg Nsig NWW NV V Ntt̄ Nt NZ/γ∗ NW+ jets

H+1j 2721 2631 ± 20 20.9 ± 0.1 307 ± 2 64 ± 2 1357 ± 8 397 ± 6 447 ± 14 59 ± 4
Nb-jet = 0 1270 1150 ± 10 18.3 ± 0.1 270 ± 2 56 ± 2 304 ± 4 99 ± 3 370 ± 10 45 ± 3
m`` < 50 323 271 ± 6 14.1 ± 0.1 57.4 ± 0.7 17 ± 1 54 ± 2 21 ± 1 108 ± 6 13 ± 2
∆φ``< 1.8 205 186 ± 5 12.6 ± 0.1 52.5 ± 0.7 15 ± 1 50 ± 2 20 ± 1 39 ± 4 11 ± 1

Table C.4: Selection table for H+2j in 7 TeV data. The observed, Nobs, and
expected, Nexp, yields for the signal, Nsig,VBF, and background, Nbkg, processes
are shown for all channels combined: ee+µµ + eµ+µe. In this table, the Nsig,ggF

is included in Nbkg; the Nsig,VH is included in Nsig,VBF, but the contributions are
negligible after the VBF-related criteria. The composition of Nbkg is given on the
right. The requirements are imposed sequentially from top to bottom. Energies,

masses, and momenta are in units of GeV. All uncertainties are statistical.

Selection Nobs Nbkg Nsig,VBF Nsig,ggF NWW NV V Ntt̄ Nt NZ/γ∗ NW+ jets

H+2j 11546 11600 ±100 8.5± 0.1 10.1± 0.1 218 ± 2 66± 3 9700 ±100 550 ± 10 990 ±10 79 ± 6
Nb-jet = 0 1568 1560 ±20 6.1 ± 0.1 7.3± 0.1 158± 1 49± 2 540 ±10 67± 3 710±10 26± 3
ptot

T < 45 1131 1130±10 5.5± 0.1 6.1± 0.1 135± 1 39± 2 395± 9 54± 3 480±10 18± 3
Z→ ττ veto 1003 1010±10 5.2± 0.1 5.8± 0.1 128± 1 37± 2 373± 9 50± 3 395± 9 18± 2
|∆yjj |> 2.8 143 152± 5 2.80± 0.02 1.40± 0.03 24.4± 0.5 5.4± 0.7 64± 4 9± 1 43± 3 4± 1
mjj > 500 29 43± 3 1.75± 0.02 0.42± 0.01 9.1± 0.2 1.4± 0.3 15± 2 2.3± 0.6 13± 2 1.3± 0.5
No jets in y gap 18 24± 2 1.55± 0.01 0.28± 0.01 7.2± 0.2 0.9± 0.3 7± 1 1.4± 0.5 7± 1 0.6± 0.4
Both ` in y gap 13 18± 2 1.49± 0.01 0.24± 0.01 5.6± 0.2 0.7± 0.3 5± 1 1.1± 0.5 5± 1 0.5± 0.4
m`` < 60 3 7± 1 1.35± 0.01 0.22± 0.01 1.3± 0.1 0.08± 0.02 1.0± 0.4 0.1± 0.2 4± 1 0.4± 0.3
∆φ``< 1.8 2 5.2± 0.9 1.24± 0.01 0.20± 0.01 1.1± 0.1 0.05± 0.01 0.9± 0.3 0.1± 0.2 2.5± 0.8 0.2± 0.2



Appendix D

Data and Simulation /ET

Comparisons in 8 TeV Data

In this appendix, all the different missing transverse momentum flavours studied in

the H→WW (∗)→ `ν`ν re-analysis are show for the following enriched regions,

• Z → `` events,

• WW control region,

• Top control region,

• Z → ττ control region.

The distributions show each of the final lepton channels in which the analysis

is divided: ee, µµ, eµ and µe, where the first lepton represents the one with the

highest transverse momentum. All the distributions show the data over MC ratio

and using 20.3 fb−1 data at 8 TeV and MC12 simulation samples.

D.1 Z → `` Events

In this section all the different missing transverse momentum reconstructions, and

their x and y components, are show for ee+µµ events in the 15 GeV window around

the Z mass.
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Figure D.1: Emiss
T , Emiss, STVF

T , Emiss,track
T and Emiss,track,jetCorr

T for Z → ``
events in 8 TeV ATLAS data and MC simulation for the ee+µµ final states and

inclusive in jet multiplicity.
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Figure D.2: Emiss
T , Emiss, STVF

T , Emiss,track
T and Emiss,track,jetCorr

T for Z → ``
events in 8 TeV ATLAS data and MC simulation for the ee+µµ final state with

0 jets.
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Figure D.3: Emiss
T , Emiss, STVF

T , Emiss,track
T and Emiss,track,jetCorr

T for Z → ``
events in 8 TeV ATLAS data and MC simulation for the ee+µµ final state with

exactly 1 jet.
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Figure D.4: Emiss
T , Emiss, STVF

T , Emiss,track
T and Emiss,track,jetCorr

T for Z → ``
events in 8 TeV ATLAS data and MC simulation for the ee+µµ final state with

at least 2 jets.
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D.2 WW Control Region
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Figure D.5: Distributions of the Emiss
T in the WW control region in 0-jet for

the final states of ee, µµ, eµ and µe.
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Figure D.6: Distributions of the Emiss, STVF
T in the WW control region in 0-jet

for the final states of ee, µµ, eµ and µe.
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Figure D.7: Distributions of the Emiss,track,jetCorr
T in the WW control region in

0-jet for the final states of ee, µµ, eµ and µe.
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Figure D.8: Distributions of the Emiss
T in the WW control region in 1-jet for

the final states of ee, µµ, eµ and µe.
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Figure D.9: Distributions of the Emiss, STVF
T in the WW control region in 1-jet

for the final states of ee, µµ, eµ and µe.
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Figure D.10: Distributions of the Emiss,track
T in the WW control region in 1-jet

for the final states of ee, µµ, eµ and µe.
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Figure D.11: Distributions of the Emiss,track,jetCorr
T in the WW control region

in 1-jet for the final states of ee, µµ, eµ and µe.
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D.3 Top Control Region
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Figure D.12: Distributions of the Emiss
T in the top control region for the final

states of ee, µµ, eµ and µe plus 1 jet.
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Figure D.13: Distributions of the Emiss
T in the top control region for the final

states of ee, µµ, eµ and µe plus 1 jet.
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Figure D.14: Distributions of the Emiss, STVF
T in the top control region for the

final states of ee, µµ, eµ and µe plus 1 jet.
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Figure D.15: Distributions of the Emiss,track
T in the top control region for the

final states of ee, µµ, eµ and µe plus 1 jet.
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Figure D.16: Distributions of the Emiss,track,jetCorr
T in the top control region for

the final states of ee, µµ, eµ and µe plus 1 jet.
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D.4 Z → ττ Control Region
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Figure D.17: Distributions of the Emiss
T in the Z → ττ control region in 0-jet

for the final states of ee, µµ, eµ and µe .
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Figure D.18: Distributions of the Emiss, STVF
T in the Z → ττ control region in

0-jet for the final states of ee, µµ, eµ and µe .
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Figure D.19: Distributions of the Emiss,track,jetCorr
T in the Z → ττ control

region in 0-jet for the final states of ee, µµ, eµ and µe .
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Figure D.20: Distributions of the Emiss
T in the Z → ττ control region in 1-jet

for the final states of ee, µµ, eµ and µe .
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Figure D.21: Distributions of the Emiss, STVF
T in the Z → ττ control region in

1-jet for the final states of ee, µµ, eµ and µe .
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Figure D.22: Distributions of the Emiss,track
T in the Z → ττ control region in

1-jet for the final states of ee, µµ, eµ and µe .
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Figure D.23: Distributions of the Emiss,track,jetCorr
T in the Z → ττ control

region in 1-jet for the final states of ee, µµ, eµ and µe .
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Figure E.1: Evolution of /ET shape for eµ+µe final states with 0 jets from MC
simulation through different H+0j selections. The plots follow the selection in
Section 5.7.2: jet veto (top left), ∆φll,MET > 1.57 (top right), P llT > 30GeV
(bottom left), and Mll < 55 GeV (bottom right). From left to right the order of

the /ET varieties is: Emiss
T , Emiss,track,jetCorr

T , and Emiss, STVF
T .
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Figure E.2: /ET distributions from MC simulation after all event selections
applied for eµ+µe final states in the H+0j category. On top, the plots show
linear scale and on the bottom, logaritmic scale. From left to right the order of

the /ET varieties is: Emiss
T , Emiss,track,jetCorr

T , and Emiss, STVF
T .
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Figure E.3: /ET,Rel distributions from MC simulation after all event selections
applied for eµ+µe final states in the H+0j category. On top, the plots show
linear scale and on the bottom, logaritmic scale. From left to right the order of

the /ET varieties is: Emiss
T , Emiss, STVF

T and Emiss,track,jetCorr
T .



370 Appendix E. MC Comparisons of /ET in H→WW (∗)→ `ν`ν Candidates

 [GeV]T
miss

E

0 20 40 60 80 100 120 140 160 180 200

E
v
e

n
ts

 /
 5

 G
e

V

20

40

60

80

100

120

140

160

180

200

220
  

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

 [GeV]
T

miss,track,jetCorr
E

0 50 100 150 200 250

E
v
e

n
ts

 /
 5

 G
e

V

20

40

60

80

100

120

140

160

180

200

220
  

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

 [GeV]T

miss,STVF
E

0 50 100 150 200 250

E
v
e

n
ts

 /
 5

 G
e

V

20

40

60

80

100

120

140

160

180

200

220
  

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

 [GeV]T

miss,track,Cl
E

0 50 100 150 200 250

E
v
e

n
ts

 /
 5

 G
e

V

20

40

60

80

100

120

140

160

180

200

220

240
  

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

 [GeV]T
miss

E

0 20 40 60 80 100 120 140 160 180 200

E
v
e

n
ts

 /
 5

 G
e

V

­210

­110

1

10

210

3
10

410   

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

 [GeV]
T

miss,track,jetCorr
E

0 50 100 150 200 250

E
v
e

n
ts

 /
 5

 G
e

V

­210

­110

1

10

210

3
10

410   

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

 [GeV]T

miss,STVF
E

0 50 100 150 200 250

E
v
e

n
ts

 /
 5

 G
e

V

­210

­110

1

10

210

3
10

410   

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

 [GeV]T

miss,track,Cl
E

0 50 100 150 200 250

E
v
e

n
ts

 /
 5

 G
e

V

­210

­110

1

10

210

3
10

410   

  

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 + 1 jetνeνµ/νµνe→WW*→H

 stat)⊕ SM (sys  WW

 Other VV t t

 Single Top
*

γ Z/

 W+jet  ggF [125 GeV]

Figure E.4: Emiss
T distributions after all event selection applied for eµ+µe final

states with exactly 1 jet. Two top rows are in linear scale and the two bottom
rows in logarithmic.
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Figure E.5: Emiss
T,Rel distributions after all event selection applied for eµ+µe final

states in the H+1j category. Two top rows are in linear scale and the two bottom
rows in logaritmic.



372 Appendix E. MC Comparisons of /ET in H→WW (∗)→ `ν`ν Candidates

 [GeV]T
miss

E

0 50 100 150 200 250

E
v
e
n
ts

 /
 1

5
 G

e
V

­210

­110

1

10

 stat)⊕ SM (sys  WW

 Other VV t t

 Single top ll→*γ Z/

 W+jet  ggF

 vbf

  

 

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 2j≥ + νeνµ/νµνe→WW*→H

 [GeV]T

miss,track,JetCorr
E

0 50 100 150 200 250

E
v
e
n
ts

 /
 1

5
 G

e
V

­210

­110

1

10

 stat)⊕ SM (sys  WW

 Other VV t t

 Single top ll→*γ Z/

 W+jet  ggF

 vbf

  

 

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 2j≥ + νeνµ/νµνe→WW*→H

 [GeV]T

miss,STVF
E

0 50 100 150 200 250

E
v
e
n
ts

 /
 1

5
 G

e
V

­210

­110

1

10

 stat)⊕ SM (sys  WW

 Other VV t t

 Single top ll→*γ Z/

 W+jet  ggF

 vbf

  

 

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 2j≥ + νeνµ/νµνe→WW*→H

 [GeV]T

miss,track,Cl
E

0 50 100 150 200 250

E
v
e
n
ts

 /
 1

5
 G

e
V

­210

­110

1

10

210  stat)⊕ SM (sys  WW

 Other VV t t

 Single top ll→*γ Z/

 W+jet  ggF

 vbf

  

 

­1 Ldt = 20.7 fb∫ = 8 TeV, s

 2j≥ + νeνµ/νµνe→WW*→H

Figure E.6: Emiss
T distributions from MC simulation after all event selection

applied for eµ+µe final states in the H+2j category.
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Figure E.7: Emiss
T,Rel distributions from MC simulation after all event selection

applied for eµ+µe final states in the H+2j category.
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ADC Analog to Digital Converter.

ALICE A Large Ion Collider Experiment.

ATLAS A Toroidal ApparatuS.

BDT Boosted Decision Tree.

BEH Brout-Englert-Higgs.

CERN Conseil Européen pour la Recherche Nucléaire.

CJV Central Jet Veto.

CL Confidence Level.

CMS Compact Muon Solenoid.

CR Control Region.

CSC Cathode Strip Chamber.

DY Drell-Yan.

EB Event Builder.

EBA Extended Barrel A side.

EBC Extended Barrel C side.

EM ElectroMagnetic.

EMEC ElectroMagnetic End-Cap.

EF Event Filter.

EW ElectroWeak.

FSR Final State Radiation.

GSF Gaussian Sum Fitter.

HEC Hadronic End-cap Calorimeter.

ID Inner Detector.
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IP Interaction Point.

ITC Intermediate Tile Calorimeter cell.

ISR Initial State Radiation.

JVF Jet Vertex Fraction.

LEIR Low Energy Ion Ring.

LEP Large Electron-Positron machine.

LHC Large Hadron Collider.

LVPS Low Voltage Power Supplies.

MC Monte Carlo.

MDT Monitored Drift Tube.

ML Maximum Likelihood.

MS Muon Spectrometer.

OF Optimal Filtering.

OLV Outside Lepton Veto.

PMT PhotoMultiplier Tube.

PS Parton Shower.

PSB Proton Synchrotron Booster.

PV Primary Vertex.

QCD Quantum ChromoDynamics.

QED Quantum ElectroDynamics.

QFT Quantum Field Theory.

RMS Root Mean Square.

ROB Read-Out Buffer.

ROI Regions Of Interest.

ROD Read-Out Driver.

RPC Resistive Plate Chamber.

SCT SemiConductor Tracker.

SM Standard Model.

SPS Super Proton Synchrotron.

SSB Spontaneous Symmetry Breaking.

STVF Soft-Term Vertex Fraction.

TGC Thin Gap Chamber.
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TRT Transition Radiation Tracker.

UE Underlaying Event.

VBF Vector Boson Fusion.

VEV Vacuum Expectation Value.

VR Validation Region.
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9.5 Número de topoclusters para diferentes configuraciones obtenidas us-
ando eventos tomados por el detector ATLAS durante 2008. . . . . 290

9.6 Momentos en r y λ de topoclusters obtenidos usando distintas config-
uraciones obtenidas usando eventos tomados por el detector ATLAS
durante 2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

9.7 Momentos en r y λ como función de la enerǵıa de los topoclusters
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9.9 Momento en λ y enerǵıa transversa perdida para distintas descrip-
ciones del ruido de TileCal usando datos tomados en ATLAS durante
2008 y 2009. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

9.10 Distribuciones de las distintas medidas de /ET en datos y simulación
por MC usando eventos consistentes con el proceso Z → ``. . . . . . 296

9.11 Resolución de las distintas definiciones de /ET en bines de < µ > en
eventos Z → µµ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297

9.12 Proyección de las distintas definiciones de /ET a lo largo de la dirección
del bosón Z en función del momento transverso del bosón Z. . . . . 297

9.13 Distribuciones de la linearidad usando distintas definiciones de /ET
como función del valor esperado de la /ET dado por la simulación. . . 298



List of Figures 403

9.14 Secciones eficaces para distintos modos de producción del bosón de
Higgs en función de su masa en colisiones de protones a una enerǵıa
en el centro de masa de 8 TeV. . . . . . . . . . . . . . . . . . . . . . 300

9.15 Diagramas de Feynman de los procesos de producción del bosón de
Higgs en colisionadores de protones. . . . . . . . . . . . . . . . . . . 300

9.16 Probabilidad de desintegración del bosón de Higgs en distintos estados
finales en función de la masa del bosón de Higgs. . . . . . . . . . . . 301
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con estados finales ee+µµ en datos tomados por ATLAS a 8 TeV y
simulación por MC. . . . . . . . . . . . . . . . . . . . . . . . . . . . 306
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